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FOREWORD 


This  final  technical  development  report  was  prepared  by  the 
Materials  Processing  Division  of  Battelle  Memorial  Institute, 
Columbus  Laboratories,  Columbus,  Ohio,  under  the  United  States 
Army  Contract  No.  DAAH01-71-C-0142.  The  work  specified  under 
this  contract  was  under  the  monitorship  of  Mr.  E.  J.  Wheelahan, 
AMSMI-RSM,  Research  and  Engineering  Directorate  of  the  Army 
Missile  Command,  U.  S.  Army. 

Authorization  to  print  and  distribute  this  report  was  given  by 
Mr,  S.  A.  Fedak,  AMSMI-IPYB,  Contracting  Officer,  U.  S.  Army 
Missile  Command,  Redstone  Arsenal,  Alabama. 
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INTRODUCTION 


Recent  improvements  in  the  efficiency  of  solid  rocket  propellants  have 
necessitated  the  use  of  stronger,  more  reliable  materials  for  the  construction 
of  the  various  components,  especially  the  motor  cases,  of  small  diameter  or¬ 
dinance  missiles.  Unfortunately  these  stronger  materials  such  as  the  maraging 
steels  and  precipitation  hardening  stainless  steels  are  considerably  more  ex¬ 
pensive  and  difficult  to  fabricate  than  the  older,  more  conventional  materials. 
Since  the  missiles  in  question  are  not  salvagable  and  are  needed  in  large  quan¬ 
tities,  it  would  be  highly  desirable  to  reduce  their  overall  cost  by  increased 
production  efficiency  and  decreased  material  losses  from  machining  and  other 
production  operations. 

Friction  joining  presents  itself  as  a  particularly  useful  tool  for  the  po¬ 
tential  solution  of  these  problems.  This  joining  technique  is  not  only  fast  and 
particularly  amenable  to  high  speed  automated  production  operations,  but 
offers  joint  properties  approaching  those  of  the  parent  materials  with  a  high 
degree  of  reliability.  Machining  time  and  material  losses  can  also  be  sub¬ 
stantially  reduced  through  friction  joining  by  eliminating  the  need  for  internal 
machining  of  motor  case  components  where  thickness  transitions  are  required 
solely  to  affect  joining  of  various  components  by  conventional  fusion-welding 
techniques.  Difficult  forming  operations  might  also  be  eliminated  by  the  appli¬ 
cation  of  friction  welding  to  fabrication  of  closed  ended  vessels  from  simple 
components  rather  than  deep  drawing  or  forging  from  sheet  of  billets. 

It  was,  then,  the  purpose  of  tliis  program  to  investigate  and  define  those 
applications  by  which  friction  welding  could  increase  the  cost  effectiveness  of 
Missile  Systems  hardware  production  and  to  develop  the  engineering  specifi¬ 
cations  necessary  for  the  implementation  of  friction-welding  technology  by 
Missile  Systems  production  contractors.  A  number  of  aspects  associated  with 
friction-welding  technology  were  of  interest  to  the  sponsoring  agency.  First, 
it  was  important  to  define  the  values  of  the  basic  friction-welding  parameters 
which  would  provide  optimum  material  properties  and  production  economics 
for  a  number  of  specific  weld-joint  configurations.  Of  particular  interest  were 
those  configurations  involving  thin-walled  tubes  or  hemispheres  for  at  least  one 
of  the  jo.ned  components.  Also  to  be  investigated  were  the  feasibility  of  friction¬ 
welding  component  structures  containing  viscoelastic  materials,  and  the  aeed 
for  internal  support  of  thir.-walled  structures  during  friction  welding. 
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EXPERIMENTAL  APPROACH 


A  three -phased  approach  was  used  to  define  the  applications  and  develop 
the  engineering  data  pertinent  to  the  incorporation  of  friction  welding  as  a  pro¬ 
duction  Jtool  in  the  fabrication  of  Missile  Systems  hardware.  The  initial  phase 
of  this  study  was  directed  toward  identification  of  potential  applications  for 
friction  welding  in  missile  systems  fabrication  and  the  establishment  of  criteria 
to  be  used  when  considering  the  incorporation  of  friction  welding  into  a  particu¬ 
lar  missile-system  fabrication  process.  Work  under  the  second  phase  of  the 
program  was  directed  primarily  toward  determining  the  optimum  friction¬ 
welding  conditions  and  evaluating  the  effects  of  variations  in  these  conditions 
for  a  joint  configuration  of  primary  interest  to  the  Missile  Command.  The 
third  phase  of  the  program  was  concerned  with  application  of  the  friction¬ 
welding  technology  gained  during  the  second  phase  to  two  alternative  joint 
configurations  and  to  investigating  the  feasibility  of  friction  welded  joints 
between  dissimilar  materials. 


Friction-Welding  Equipment  and  Facilities 


All  friction-welding  experiments  in  this  program  were  carried  out  on 
the  Battelle  Mark  II  Friction  Welder  whose  characteristics  are  shown  in 
Table  1.  The  machine  was  fitted  with  two  4-jaw  independent  lathe  chucks  for 
holding  and  positioning  both  the  rotating  and  stationary  specimen  components. 
Data  output  from  the  system  were  recorded  on  a  Honeywell  Model  1508  Visi- 
coder  Oscillograph  capable  of  recording  up  to  24  channels  of  data  directly  on 
light-sensitive  paper.  This  instrument  was  supplemented  with  the  appropriate 
amplifiers  and  electronics  for  direct  recording  of  axial  force  and  torque  through 
appropriately  positioned  load  cells,  axial  displacement  through  two  linearly 
variable  differential  transducers,  linear  and  logarithmic  rotational  velocity 
through  a  tachometer-generator,  and  three  independent  temperature  profiles 
through  bimetal  thermocouples.  Time-base  measurements  were  automatically 
recorded  by  the  oscillograph.  Permanent  records  of  the  friction-welding  data 
were  obtained  by  chemical  processing  of  the  photo- sensitive  recording  paper. 
Termination  of  the  friction-welding  cycle  was  triggered  by  axial  displacement 
of  the  work  pieces  rather  than  by  elapsed  cycle  time  because  of  superior  sen¬ 
sitivity  of  the  displacement  transducers  (+  0.  0005  in. )  and  because  it  was 
thought  that  this  mode  of  termination  would  more  accurately  reflect  the  response 
of  the  workpieces  to  the  friction-induced  heating  effects.  Since  the  duration  of 
the  friction-welding  cycle  is  directly  connected  with  the  economics  of  produc¬ 
tion  operations  involving  the  process  and  since  most  production  operations 
utilizing  domestically  purchased  equipment  would  necessarily  be  carried  out 
by  inertial  rather  than  continuous  drive  friction  welding,  practically  all  of  the 
experiments  under  this  program  were  carried  out  with  impulsive  rather  than 
gradual  application  of  the  axial  heating  pressure.  This  was  accomplished  by 
appropriate  manual  adjustment  of  the  Data-Trak  curve  following  programmer 
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prior  to  initiation  of  the  friction-welding  cycle.  In  order  to  minimize  the  time 
necessary  to  stabilize  the  axial  pressure  when  operating  in  this  i  node,  an  im¬ 
balance  was  permanently  induced  in  the  hydraulic  system.  This  fixed  the  lower 
limits  of  applied  axial  load  at  about  2500  lb. 

TABLE  1.  CHARACTERISTICS  OF  BATTELLE  MARK  II 
FRICTION-WELDING  UNIT 


Rotational  Speed  -  Linear  control  from  125  to  7500  rpm 

Horsepower  -  Constant  25  hp  delivered  by  a  Synduction  motor 

Maximum  Axial  Load  -  40,  000  psi;  can  be  programmed  to  follow  any 

desired  build-up 

Braking  System  -  Air -actuated,  hydraulic  disk  brake 

Specimen  Size  -  Up  to  8  inches  directly  in  spindle  up  to  12  inches  with 
face-plate  attachment 

Drive  Mechanism  -  Constant-horsepower  variable -speed  drive 

Methods  for  Terminating  the  Cycle  -  Time,  torque,  upset,  and  applied 

pressure 


Friction- W  eldinf 


jecimen  Procurement  and  Fabrication 


The  materials  of  primary  interest  for  this  study  were  18Ni(250)  maraging 
steel,  17-7PH  stainless  steel,  and  7075  aluminum  alloy.  Both  the  maraging 
steel  and  the  precipitation  hardening  stainless  steel  were  found  to  be  unavail¬ 
able  in  small  quantities  in  tubular  form.  Approximately  12  feet  of  7075-T6 
aluminum-alloy  tubing  3-in.  OD  by  0.250-in.  wall  thickness  were,  with  con¬ 
siderable  effort,  found" to  be  available  from  a  surplus  tubing  dealer.  Suffi¬ 
cient  maraging  steel  sheet  to  complete  both  the  Phase  II  and  Phase  III  portions 
of  the  program  was  purchased  from  Teledyne-Vasco  in  compliance  with 
MIL-S-46850-A.  A  copy  of  the  vendor’s  certification  is  included  in  Appendix  A. 
An  eight-inch  length  of  18Ni(250)  maraging  steel  bar  stock  4-3/16  in.  in 
diameter  was  purchased  at  the  same  time  from  the  above  vendor  for  use  during 
the  Phase  III  studies.  Strict  compliance  with  the  MIL  Spec  was  not  required 
for  this  material.  A  copy  ol  the  vendor's  analysis  is  included  in  Appendix  A. 
The  majority  of  the  maraging^  sheet  .material  was  press -brake  formed  and 
seam  welded  into  tube  segments  approximately  3  in.  OD  by  30  in.  long  by  the 
Joining  Technology  Division  of  BCL  using  technology  gained  previously  under 
Contract  No.  DAAHO3-69-C-0472  with  the  Army  Missile  Command.  A  small 
amount  of  approximately  3-in.  -OD  maraging  steel  tubing  excess  to  that  contract 
was  obtained  at  no  cost  from  the  Joining  Technology  Division  of  BCL  for 


preliminary  welding  studies  so  that  an  approximately  six-week  delay  in  the 
experimental  program  could  be  avoided.  Because  no  source  of  17-7PH  stain¬ 
less  steel  in  tubular  form  could  be  found  and  development  of  the  parameters 
for  forming  and  welding  sheets  of  this  material  into  tubing  was  beyond  both 
the  scope  and  funding  limitations  of  this  program,  this  material  was  dropped 
from  further  consideration. 

Fabrication  of  friction-welding  specimens  from  the  maraging  steel  tubes 
was  begun  by  cutting  them  into  approximately  3-in.  lengths.  Because  these 
lengths  were  net  perfectly  round  and  contained  residual  stresses  from  the 
forming  and  seam-welding  operations,  they  were  pressed  over  stainless  steel 
mandrels  and  annealed  for  approximately  15  min.  after  reaching  a  temperature 
of  1500  F.  The  difference  between  the  thermal  expansion  coefficients  of  the 
stainless  and  maraging  steels,  11.2  and  5.  6  microinches/inch/ deg  F  respec¬ 
tively,  caused  the  maraging  steel  tube  segments  to  be  stretched  into  a  nearly 
circular  cross  section  which  was  retained  upon  cooling  from  the  stress  relief 
treatment.  The  segments  were  then  machined  to  right  circular  cylinders 
having  uniform  wall  thicknesses  and  ends  perpendicular  to  their  center  axes. 

A  square  keyway  was  then  milled  across  one  end  of  each  specimen  for  locking 
into  the  chucks  of  the  friction  welder.  Each  segment  was  given  a  number, 
thoroughly  dimensioned,  and  the  location  of  its  seam  weld  was  marked. 

Most  of  the  tubes  for  the  Phase  II  study  were  machined  to  a  diameter-to- 
wall-thickness  ration  (D/T)  of  approximately  30:1  but  some  were  thinned  to  a 
ratio  of  47:1  for  studies  to  determine  the  effects  of  decreased  wall  thickness 
on  welding  param.eters  and  properties.  A  number  of  6-in.  -diameter  maraging 
steel  specimens  were  fabricated  from  the  remaining  sheet  material  by  rolling 
and  TIG  welding.  These  were  given  the  same  stress  relief/stretch  annealing 
treatment  prior  to  machining  as  was  described  above.  The  diameter-to-wall- 
thickness  ration  (D/T)  of  these  specimens  was  approximately  75:1  and  they  were 
used  to  evaluate  the  effects  of  increased  diameter  and  D/T  on  welding  parameters 
and  resultant  material  properties. 

The  initial  steps  of  tubular  friction-welding  specimen  fabrication  for  the 
Phase  III  studies  were  carried  out  as  described  above.  Additional  machining 
was  performed  to  produce  the  half-lap  joint  configurations  shown  in  Figures  1 
and  2.  Flat  disk  specimens  for  the  half-lapped  tube-to-plate  joint  configuration 
studies  were  fabricated  from  the  above  mentioned  18Ni(250)  maraging  steel  bar 
stock  by  sawing  it  into  disks  and  then  machining  according  to  Figure  3.  The 
tubular  specimens  for  this  study  were  the  same  as  those  shown  in  P'igure  1  for 
the  lapped  tube-to-tube  joint  configuration. 

Aluminum  friction-welding  specimens  for  both  the  Phase  II  and  supple¬ 
mental  Phase  III  studies  were  prepared  by  cutting  and  machining  the  purchased 
tubing.  The  7075  alloy  specimens  used  in  Phase  II  had  a  mean  diameter  of  2.  83 
in.  and  a  diameter-to-wall-thickness  ratio  (D/T)  of  23.8:1.  The  6061  alloy 
specimens  used  for  the  supplemental  Phase  Ill  investigations  had  a  n-ean  dia¬ 
meter  of  2.  79  in.  and  a  D/T  ratio  of  14.  4:1.  The  reason  for  the  use  of  the 
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6061  alloy  for  this  portion  of  the  study  will  be  explained  in  a  later  portion  of 
this  report. 

Phase  I  Investigations 

The  initial  phase  of  this  study  was  directed  toward  identification  of  po¬ 
tential  applications  for  friction  welding  in  missile-systems  fabrication  and  the 
establishment  of  criteria  to  be  used  when  considering  the  incorporation  of  fric¬ 
tion  welding  into  a  particular  missile  systems  fabrication  process.  The  search 
for  potential  applications  of  friction  welding  to  missile-system  fabrication  was 
conducted  through  discussions  with  the  Program  Technical  Manager  and  study 
of  rocket  motor  designs  presented  in  the  Rocket  Motor  Manual.  (1)  Visits  to 
prime  missile  systems  contractors  were  deemed  unnecessary  by  the  Project 
Technical  Manager  and  through  mutual  agreement  with  BCL,  none  were  con¬ 
ducted.  The  establishment  of  criteria,  both  technical  and  economic,  which 
mut-t  bfc  considered  when  evaluating  the  potentials  of  incorporating  friction 
welding  inL''  a  missile-systems  production  process  was  undertaken  through  a 
survey  of  pertinent  literature  and  by  analy-ing  BCL's  experience  in  the  field. 

Phase  II  Investigations 

The  second  phase  of  the  program  was  primarily  concerned  with  optimiz¬ 
ing  the  friction-welding  parameters  for  a  simple  butt-type  joint  between  thin- 
walled  tube  segments  of  like  composition.  Preliminary  welding  experiments 
were  carried  out  using  specimens  fabricated  from  the  2.9-in.  -OD  maraging 
steel  tubes  obtained  from  the  Joining  Technology  Division  of  BCL.  It  was  the 
objective  of  these  tests  to  determine  the  range  of  heating  pressure,  forging 
pressure,  axial  shortening  (upset),  rotational  velocity,  and  braking  which 
would  produce  contiguous  welds  in  maraging  steel  tubes.  Heating  pressures 
between  3000  and  13,000  psi,  rotational  speeds  of  1000,  1500,  2000,  and  3000 
rpm,  preset  axial  shortening  values  between  0.  002  and  0.  040  in.  ,  and  forging 
pressures  between  3000  and  21, 000  psi  were  tried  with  and  without  auxiliary 
braking.  Evaluations  were  made  by  visual  and  metallographic  inspection  alone 
and  neither  temperature  profiles  nor  mechanical  properties  were  investigated. 

The  main  portion  of  the  Phase  II  experimental  program  was  carried  out 
using  maraging  steel  tube  specimens  having  a  D/T  ratio  of  about  30: 1  and  a 
mean  diameter  of  about  2.  83  in.  Heating  forces  were  arbitrarily  set  at  3000  lb, 
5000  lb,  and  8000  lb  at  rotational  velocities  of  1000,  2000,  and  3000  rpm  (sur¬ 
face  velocities  of  734,  1470,  and  2200  sfm,  respectively).  Forging  forces  were 
varied  from  6000  to  10,  000  lb  with  axial  displaceme  ts  during  heating  being 
terminated  at  values  ranging  from  0.005  to  0.060  in.  The  actual  conditions 
studied  are  summarized  in  matrix  form  in  Table  2.  Tensile  properties  in  both 
the  as-welded  and  maraged  conditions  were  determined  for  all  of  these  welding 
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conditions.  Free  bend  tests  were  also  conducted  in  the  as-welded  condition 
for  each  of  these  welds.  Temperature  profiles  at  positions  initially  1/16, 

3/16,  and  7/16  in.  from  the  faying  surfaces  were  also  recorded  for  most  of 
the  welding  experiments  using  Chromel-Alumel  (Type  K)  thermocouples  whose 
beads  were  securely  resistance  welded  into  shallow  holes  in  the  outer  surface 
of  the  nonrotating  specimen  component.  Studies  to  determine  the  scalability 
of  the  friction-welding  process  were  carried  out  using  maraging  steel  speci¬ 
mens  having  a  mean  diameter  of  about  2.  80  in.  with  a  D/T  of  about  47:1,  and 
having  a  mean  diameter  of  about  5.  83  in.  with  a  D/T  of  about  75:1.  These 
experiments  were  carried  out  at  conditions  calculated  to  reproduce,  as  nearly 
as  possible,  the  axial  pressures,  surface  velocities,  and  axial  displacements 
of  those  listed  in  the  matrices  below  which  had  the  best  mechanical  properties. 

TABLE  2.  EXPERIMENTAL  MATRICES  FOR  PHASE  II  FRICTION 
WELDING  INVESTIGATIONS  ON  MARAGING  STEEL 


A.  Tests  at  1000  rpm  {743  sfm) 


Forging  Force  (IbO  Applied  After  Upset  Uj^  at  Heating  Force  Fj^ 


0.010  in. 

0. 025  in. 

0. 035  in. 

0. 040  in. 

0.  OGl  in. 

3000  Ibf 

18,000 

12.  000 

6,000 

18.000 

5000  Ibf 

20.000 

15. 000 

10.000 

SOOO  Ibf 

16.000 

14. 000 

12. 000 

B.  Tests  at  2000  rpm  (1470  sfm) 

Forging  Force  (Ibf)  Applied  After  Upset  Ujj  at  Heating  Force  Fj.j 


\  0.  004  in. 

0.010  in.  0.125  in. 

0.015  in.  0.018  in. 

0. 025  in. 

0. 040  in. 

0.  055  in. 

3000  Ibf  13.000 

12.000 

6. 000 

5000  Ibf 

15. 000 

12. 500 

10,000 

8000  Ibf 

16.000 

14. 000 

12.000 

C. 

Tests  at  3000  rpm  (2200  sfm) 

Forging  Foice  (Ibf)  Applied  After  Upset  Uj^ 

at  Heating  F'>rce  Fj^ 

■x- 

0. 005  in. 

0.010  iii. 

0.015  in. 

0. 020  in. 

025  in. 

0. 035  in.  0.  040  in. 

3000  Ibf 

18.000 

12. 000 

6.000 

5000  Ibf 

20, 000 

15. 000 

10.000 

3000  Ibf 

16,  000 

14.000 

12.000 

Friction-welding  investigations  on  the  7075-T6  aluminum  alloy  tubes 
were  carried  out  at  2000  rpm  with  heating  pressures  of  approximately  2600, 
3000,  and  6000  psi,  and  forging  pressures  of  3000  and  6000  psi.  Relative 
rotation  was  terminated  at  axial  displacements  of  0.  010,  0.  020,  and  0.  030  in. 
During  the  second  experiment  it  was  discovered  that  the  initial  torque  peak 
accompanying  impulsive  loading  to  3000  psi  was  enough  to  shear  the  safety 
pin  in  the  friction- welder  drive  system  and  all  remaining  experiments  using 
this  material  were  carried  out  using  pressure  input  rates  of  either  3000  or 
6000  psi  per  second,  a  factor  of  5  to  10  less  than  those  experienced  during 
impulsive  loading.  A  summary  of  welding  conditions  investigated  is  given  in 
Table  3.  Temperature  profiles  were  not  recorded  for  these  experiments. 
Metallographic,  tensile,  and  bend-test  evaluations  were  performed  on  these 
specimens. 

TABLE  3.  CONDITIONS  INVESTIGATED  FOR  FRICTION  WELDING 
7075  ALUMINUM  TUBES 


Rotational 
Vel.  ,  rpm 

Heating  Force, 
lb 

Forging  force, 
lb 

Preset  Axial 
Upset,  in. 

Pressurization 
Rate,  lb/ sec 

2000 

2600 

2600 

0.035 

Impulsive 

2000 

3000 

3000 

(a) 

Impulsive 

2000 

3000 

3000 

0.035 

3000 

2000 

0-5900 

6600 

0.030 

6000 

2000 

0-5400 

6000 

0.030 

6000 

2000 

0-3300 

3600 

0.030 

3000 

2000 

0-3200 

5800 

0.010 

3000 

2000 

0-3100 

3200 

0.030 

3000 

2000 

0-3200 

5800 

0.010 

3000 

(b) 

2000 

0-3100 

3400 

0.020 

3000 

(a)  High  initial  torque gciu rated  by  impulsive  axial  loading  sheared  friction  welder  drive  pm  causing  premature 
cycle  termination. 


(b)  Specimens  heat  treated  370  F,  50  min,  water  quenched  prior  to  welding. 
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Phase  III  Investigations 


The  third  phase  of  the  program  was  concerned  primarily  with  optimizing 
the  friction-welding  parameters  for  two  different  joint  configurations  using 
18Ni(250)  maraging  steel  components.  The  first  of  these  was  a  half-lap  joint 
between  thin-  and  thick-walled  tubular  components  while  the  other,  also  a 
half-lap  type  configuration,  was  a  joint  between  a  thin-walled  tube  and  a  rela¬ 
tively  heavy  plate.  Both  of  these  joint  configurations  were  designed  to  prevent 
the  formation  of  upset  flash  in  the  specimen  bore  and  thus  eliminate  costly  and 
time-consuming  internal  machining.  The  original  intent  that  the  parameters 
for  a  joint  between  dissimilar  materials  (e.  g. ,  18Ni(250)  maraging  steel  and 
7075  aluminum)  be  rigorously  investigated  under  this  phase  of  the  program 
was  abandoned  as  a  result  of  the  Phase  II  investigations  as  will  be  explained 
in  a  later  section  of  this  report. 

A  two-factor,  three-level  experimental  matrix,  as  shown  in  Table  4,  was 
set  up  for  both  of  these  configurations  and  was  based  on  information  gained 
during  the  Phase  II  portion  of  this  program.  All  tests  were  carried  out  at  a 
relative  rotational  velocity  of  2000  rpm  with  a  heating  pressure  of  approxi¬ 
mately  9500  psi.  The  effects  of  forging  pressure  and  axial  displacement  were 
studied.  Tensile  and  metallographic  properties  were  evaluated  in  both  the  as- 
welded  and  maraged  conditions  for  all  of  these  welding  experiments.  Temper¬ 
ature  profiles  for  all  of  these  weld  cycles  were  recorded  using  a  single  Chromel- 
Alumel  (Type  K)  thermocouple  whose  bead  was  securely  resistance  welded 
into  a  shallow  hole  in  the  stationary  specimen  at  a  distance  of  1/16  in.  from 
the  original  faying  surface. 


TABLE  4.  EXPERIMENTAL  MATRIX  FOR  PHASE  HI  FRICTION 
WELDING  INVESTIGATIONS  ON  MARAGING  STEEL 

All  experiments  conducted  at  relative  rotational  velocity  of  2000 
rpm  (1470  sfm)  and  heating  pressure  of  approximately  9500  psi. 

Randomized  order  of  performance  Tor  tube-tube /tube- plate  configurations 


\  p 
(b)\  ^ 

14,000 

17,000 

20,000 

0.  020 

1/7 

9/4 

5/8 

0.  035 

8/9 

3/3 

7/2 

0.  050 

4/5 

6/6 

2/1 

(a)  Forging  pressure,  psi 

(b)  Predetermined  upset  for  termination  of  weld  cvele,  in. 
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A  cursory  study  of  the  ability  to  friction  weld  the  maraginj  steel  to 
606 1 -aluminum  alloy  was  also  undertaken  as  part  of  this  phase  of  the  program. 
The  tubular  maraging  steel  specimens  used  were  the  same  as  those  described 
above  for  the  major  part  of  the  Phase  II  study  and  the  aluminum  specimens, 
machined  from  3 -in.  -OD  by  1/4-in.  -wall  drawn  tubing,  had  a  mean  diameter 
of  2.  79  in.  and  a  D/T  ratio  of  14.  3  for  a  distance  of  one  inch  from  the  faying 
surface.  This  heavier  cross  section  of  the  aluminum  specimens  extending 
approximately  equal  distances  past  the  surfaces  of  the  mating  steel  tubes, 
was  designed  to  eliminate  or  reduce  the  probability  of  the  aluminum  splitting 
and  simply  peeling  away  from  the  maraging  steel  during  the  friction-wel'Hng 
cycle.  A  discussion  of  the  friction  welding  conditions  investigated  and  the 
observations  made  during  this  cursory  study  will  be  presented  in  Appendix  F 
of  this  report. 


Mechanical  Testing 


Mechanical-property  evaluations  of  friction-welded  specimens  were 
carried  out  in  the  Materials  Processing  Division's  testing  laboratory.  Ten¬ 
sile  testing  wag  carried  out  on  an  Instron  testing  machine  equipped  with  load/ 
strain  control.  far  as  possible,  all  testing  was  carried  out  in  accordance 
with  ASTM-E8-6t»  Tension  Testing  of  Metallic  Materials.  (2) 

Specimens  for  tensile  testing  friction  welds  between  tubular  components 
were  fabricated  according  to  Figure  4  for  maraging  steel  specimens  and  Fig¬ 
ure  5  for  aluminum  specimens.  Wider  grip  sections  were  used  on  the  marag¬ 
ing  steel  specimens  to  insure  the  availability  of  sufficient  contact  area  with  the 
flat  wedge-type  grips  to  prevent  slippage.  Fabrication  of  these  specimens, 
both  maraging  steel  and  aluminum,  was  carried  out  by  first  sawing  longitudi¬ 
nal  sections  from  the  friction-welded  tubes.  These  were  then  stacked  and 
clamped  securely  between  heavy  steel  plates,  cast  in  a  rigid  plastic,  and 
ground  to  final  dimensions.  Tensile  specimens  for  the  tube-to-plate  joint 
configurations  were  milled  from  the  joined  specimens  according  to  Figure  6. 

A  special  grip  for  holding  the  plate  side  of  these  ;veld  joints  was  designed 
and  fabricated  according  to  the  sketch  in  Figure  7.  As  shown  in  the  figure 
the  stress  axes  of  the  upper  and  lower  grips  were  offset  .some  0.  022  in  to 
eliminate  the  bending  moment  inherent  in  the  specimen.  This  amount  of  off¬ 
set,  as  determined  by  static  moment  analysis,  brought  the  lower  stress  axis 
into  alignment  with  the  centroidal  axis  of  the  reduced  thickness  section  of  the 
specimen. 

Whenever  possible  a  1-in.  extensometer  coupled  to  the  testing  machine 
data  recorder  was  used  to  measure  tensile  strain  as  a  function  of  tensile  load 
until  after  yielding  had  occurred.  Maraging  steel  specimens  were  tested  at  a 
free-running  cross-head  speed  of  0.  02  in.  /min  and  aluminum  alloy  specimens 
at  a  speed  of  0.  01  in.  /min.  These  extension  rates,  based  on  published  elastic 
moduli  of  26.3  x  106  psi(3)  and  10.  4  x  10^*  psi^"^^,  respectively,  were  deter¬ 
mined  not  to  exceed  the  established  maximum  of  100,000  psi/min.^^' 
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Notes! 

1 .  Blend  radii -do  not  under  cut 

2.  Specimen  edges  ore  parallel  to 
each  other  and  perpendicular  to 
plane  tongent  to  specimen 
curved  surfaces  at  ^ 


FIGURE  6. 


TENSILE  SPECiMEN  FABRICATED  FROM  LONGITUDINAL  SECTION 
OF  MARAGING  STEEL  TUBE-TO-PLATE  JOINT 
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Bend  tests  were  conducted,  as  nearly  as  possible,  in  compliance  with 
ASTM  E16-64  Free  Bend  Test  for  Ductility  of  Welds.  (6)  Exceptions  to  this 
standard  included  use  of  a  sharply  veed  ram  during  the  initial  bending.  Neither 
were  elongations  measured  as  the  tests  were  intended  to  be  only  qualitative  in 
nature  and  were  conducted  only  on  the  as-welded  specimens.  The  approximate 
bend  angle  at  rupture  (when  occurring)  was  measured.  Specimens  for  this  test 
were  simply  longitudinal  sections  approximately  1/2  in.  in  width  sawed  from 
the  welded  tubes. 


18 


RESULTS  AND  DISCUSSION 


Phase  I  Investigations 

The  initial  phase  of  this  study  of  friction  welding  of  missile  systems 
hardware  was  concerned  with  identification  of  potential  applications  of  friction 
welding  to  missile  systems  fabrication  and  to  the  establishment  of  criteria 
upon  which  the  decision  to  incorporate  friction  v/elding  into  a  specific  missile- 
system  production  process  might  be  based.  These  goals  were  accomplished 
principally  through  literature  surveys  and  discussions  of  the  needs  of  the 
Missile  Command  with  the  Program  Technical  Manager. 

Several  potential  areas  for  the  application  of  friction  welding  to  missile - 
systems  hardware  fabrication  were  determined  by  careful  study  of  designs 
presented  in  the  Rocket  Motor  ^ianual.  Those  missile  systems  such  as 
XM-13  Shillelagh,  MARC  16A1  Redeye,  and  M37A1  Improved  Honest  John 
Spin  Rocket  developed  specifically  for  the  Army  were  studied  most  carefully. 
In  most  instances  the  motor  cases  for  these  missile  systems  were  fabricated 
by  deep  drawing  or  spin  forging  followed  by  machining  of  a  suitable  tool  or 
alloy  steel.  The  Honest  John  Spin  Rocket  had  the  simplest  design  and  was 
fabricated  from  rolled  and  welded  tubing. 

Examination  of  the  design  sketches  of  each  of  the  systems  fabricated  by 
deep  drawing  showed  the  motor  cases  to  consist  essentially  of  long  thin-walled 
tubes  with  thickened  end  sections  to  permit  attachment  by  either  welding  or 
mechanical  fastening  of  end  caps,  nozzle  assemblies,  etc.  One  design  even 
incorporated  an  intermediate  thick-walled  section  for  the  support  of  internal 
hardware.  Unless  extremely  sophisticated  forming  tooling  and  techniques 
were  employed,  fabrication  of  these  motor  cases  would  require  a  significant 
amount  of  costly  and  time  consuming  internal  machining.  Even  the  simplest 
design  reviewed,  that  of  the  Honest  John  Spin  Rocket,  required  the  attach¬ 
ment  of  the  head-end  by  welding. 

The  application  of  friction -welding  technology  to  the  fabrication  of  these 
rocket  motor  systems  could  greatly  increase  the  cost  effectiveness  of  their 
production  by  eliminating  machining  stej-s,  speeding  up  production,  and  pos¬ 
sibly  by  simplifying  forming  operations.  Neither  would  the  mechanical  in¬ 
tegrity  of  motor  cases  fabricated  by  this  technique  be  sacrificed  as  friction- 
welded  jo  .nts  can  be  produced  whose  mechanical  properties  are  as  good  as 
and  sometimes  better  than  those  of  the  parent  material.  With  the  proper 
selection  of  joint  configuration,  essentially  all  internal  machining  could  be 
eliminated  from  the  production  of  wall-thickness  transitions.  Thick-and  thin- 
walled  tubular  sections  could  simply  be  friction  welded  together  in  a  matter 
of  seconds  using  a  half-Japped  joint  configuration.  The  need  for  deep  draw¬ 
ing  closed  end  tubes  could  also  be  eliminated  by  friction  welding  tubular  case 
body  sections  to  more  easily  formed  separate  end  caps.  Capital  equipment 
expenditures  might  also  be  reduced  somewhat  by  replacing  deep  drawing 
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equipment,  including  associated  heat-treat  furnaces,  with  high  production- 
rate  friction  welders.  Tubing  of  the  proper  diameters  and  wall  thicknesses 
could  then  be  purchased  in  quantity  from  a  commercial  vendor,  cut  to  the 
proper  lengths,  and  friction  welded  together  to  form  rocket  motor -case 
bodies. 

The  assembly  of  other  missile  system  components  might  also  be  facili¬ 
tated  through  the  use  of  friction  welding.  As  shown  in  Appendix  B,  many  dis¬ 
similar  as  well  as  similar  materials  have  been  successfully  joined  by  various 
investigators.  ^2)  Thus,  the  probability  exists  that  guidance  pack¬ 

ages,  warheads,  guidance  fins,  rnd  nozzle  assemblies  might  be  quickly  and 
reliably  joined  to  rocket  motor  ci  ses  by  friction  welding.  These  components, 
not  required  to  withstand  the  extreme  internal  pressures  of  rocket  engines 
could  be  fabricated  from  aluminum  and  other  light-weight  alloys. 

The  potential  applications  of  friction  welding  to  missile  systems  hard¬ 
ware  presented  above  were  discussed  with  the  Program  Technical  Manager. 

On  the  basis  of  these  discussions,  three  friction-welding  joint  configurations 
were  chosen  for  study  under  the  remaining  two  phases  of  this  program.  The 
joint  configuration  chosen  for  primary  consideration  was  a  simple  butt-joint 
between  thin-walled  tube  sections  of  similar  materials  while  secondary  joint 
configurations  tentatively  chosen  for  study  under  Phase  III  were  a  tube  to 
plate  or  flange  configuration  utilizing  similar  materials,  and  a  tube-to-tube 
configuration  between  dissimilar  materials.  Three  materials  of  interest  to 
the  Army  Missile  Command,  18Ni{250)  maraging  steel,  7075  aluminum,  and 
17-7PH  stainless  steel,  were  chosen  for  study.  Of  these  three,  emphasis 
was  to  be  placed  on  the  maraging  steel  for  all  joint  configurations  between 
similar  materials  and  on  the  maraging  steel  and  aluminum  alloy  for  dissim¬ 
ilar  metal  joints. 

An  additional  result  of  the  reviews  of  published  literature  and  experience 
at  BCL  was  the  compilation  of  a  "Criteria  Checklist  for  Recognition  of  Po¬ 
tential  Friction-Welding  Applications".  This  checklist,  as  presented  in 
Table  5,  was  oriented  toward  missile-systems  applications  and  is  intended 
to  assist  design  and  materials  personnel  in  determining  the  technical  feasi¬ 
bility  and  cost  effectiveness  of  friction  welding  as  a  missile-systems  pro¬ 
duction  tool.  The  first  two  questions  of  the  checklist  are  conceptual  in  nature 
and  define  the  basic  conditions  necessary  for  the  application  of  friction 
welding,  on  a  cost  effective  basis,  to  the  fabrication  of  missile-systems 
hardware.  The  third  question  presents  a  list  of  materials  and  configuration 
variables  which  must  be  compared  when  considering  the  technical  feasibility 
of  applying  friction  welding  to  the  system  in  question. 

Thermal  conductivity  and  particularly  thermal -expans ion  differences 
between  .he  two  components  to  be  joined  greatly  influence  friction  weldability. 
Strength  could  also  be  an  important  factor.  First,  the  strength  of  a  friction 
welded  joint  between  dissimilar  materials  is  not  likely  to  be  much  stronger 
than  the  weaker  of  the  two.  Second,  and  possibly  more  important,  residual 
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TABLE  5.  CRITERIA  CHECKLIST  FOR  RECOGNITION  OF  POTENTIAL 
FRICTION -WELDING  APPLICATIONS 


SYSTEM _ 

This  checklist  is  intended  to  assist  designers  and  materials  specialists  in 
the  recognition  of  potential  applications  where  friction  welding  might  simplfy 
the  fabrication  of  AMICOM  hardware  systems. 

(1)  Does  system  have  rotational  symmetry  and/or  are  rota- 
tionally  symmetric  joints  required  between  the  various 
components  ? 

(2)  Would  the  incorporation  of  rotationally  symmetric  joints 
eliminate  the  need  for  extensive  machining? 

(3)  Parametric  considerations  for  evaluating  merits  of  friction 
welding  of  components. 


stresses  generated  on  cooling  from  the  welding  temperature  by  differences  in 
thermal  expansion  could  seriously  weaken  or  even  cause  failure  in  some  sys¬ 
tems.  Rigorous  investigation  of  these  factors  may  be,  to  some  extent,  by¬ 
passed  if  friction  weldability  of  the  two  component  materials  in  question  has 
been  previously  established  as  given  in  Appendix  B. 

The  physical  design  and  shape  of  components  to  be  friction  welded  could 
also  influence  the  decision  whether  to  incorporate  friction  welding  in  a  pro¬ 
duction  process,  particularly  where  tubular  components  are  involved.  Such 
factors  as  diameter-to-wall -thickness  ratios  (D/T),  area  available  for  grip¬ 
ping  the  components,  minimum  proximity  of  faying  surfaces  to  chucking  de¬ 
vices,  and  allowable  flash  formation  during  welding  must  be  considered. 

Thermal  considerations  such  as  temperatures  required  at  joint  inter¬ 
faces  and  allowable  temperature  distributions  as  a  function  of  distance  from 
joint  interfaces  may  also  be  important  for  some  applications.  Several  in- 
vestigators(^^“^9)  have  provided  mathematical  models  by  which  these  factors 
may  be  estimated  with  reasonable  accuracy  once  certain  experimental  infor¬ 
mation  regarding  heat-input  rates,  coefficient  of  friction,  etc. ,  are 
determined. 

Information  required  for  specification  of  friction -welding  equipment  for 
a  particular  joint  configuration  and  materials  combination  can  generally  be 
determined  only  through  experimental  investigation.  Power  requirements  are 
a  prime  example.  The  amount  of  torque  generated  at  faying  surfaces  is  high¬ 
ly  dependent  on  coefficient  of  friction,  a  temperature  and  axial  pressure  de¬ 
pendent  function,  and  configurations;  e.  g. ,  for  a  given  pair  of  materials  and 
a  fixed  aixial  pressure,  the  torque  generated  during  frictional  heating  is 
obviously  greater  for  a  tubular  configuration  than  for  a  solid  rod  configuration 
having  the  same  cross-sectional  area.  A  Russian  investiga*or^^®)  has  sug¬ 
gested  that  a  set  of  nomograms  might  be  constructed  for  specifying  the  vari¬ 
ous  friction-welding  cycle  variables  based  on  a  knowledge  of  the  temperature 
dependence  of  the  shear  strength  of  the  material  being  welded.  The  inter¬ 
relationship  between  shear  strength,  speed  of  rotation,  cocial  pressure,  and 
time  to  reach  equilibrium  torque  must  still  be  experimentally  determined  for 
the  configuration  in  question. 

The  fourth  question  of  the  "Criteria  Checklist"  provides  a  basis  for 
comparison  of  the  cost  effectiveness  of  a  fabrication  process  employing 
friction  welding  with  an  alternative  fabrication  technique.  It  is  on  this  basis 
tha*-  a  final  decision  regarding  the  applicability  of  friction  welding  to  missile 
systems  fabrication  will  be  made.  The  comparison  should,  of  course,  be 
made  on  either  a  unit-time  or  a  unit-assembly  basis.  Capital  equipment  and 
tooling  costs  should  be  averaged  over  the  anticipated  total  production  of  the 
assembly  required  in  the  case  of  very  specialized  equipment  or  over  the  use¬ 
ful  production  lifetime  of  the  equipment  if  it  can  be  adapted  to  several  ap¬ 
plications.  Materials  costs  for  two  processes  under  consideration  should  be 
comparable  unless  they  are  provided  by  the  vendor  in  a  more  highly  finished 


state  for  one  of  the  processes.  These  materials -cost  differences  must,  of 
course,  be  weighed  against  forming  and  joining  costs.  For  example,  the  pro¬ 
curement  of  material  in  tubular  form  for  a  process  involving  friction  welding, 
although  initially  more  expensive  on  a  unit -weight  basis,  would  probably  be 
less  expensive  than  sheet  material  requiring  numerous  deep  drawing,  heat 
treating,  and  machining  operations  to  bring  it  to  the  same  state  of  completion 
as  the  friction  welded  components.  Labor  and  overhead  costs,  usually  a  sub¬ 
stantial  portion  of  total  fabrication  costs,  must  also  be  considered  on  a  unit- 
assembly  basis.  Any  production  operation  requiring  fewer  process  steps, 
and  therefore  fewer  operators,  and  having  a  higher  product  output  rate  is 
then  bound  to  be  more  cost  effective  than  its  competitor  providing  capital  cost 
differences  are  not  overwhelming. 


Phase  n  Investigations 


During  the  second  phase  of  this  program,  friction-welding  experiments 
were  carried  out  using  thin-walled  tubular  specimens  of  18Ni(250)  maraging 
steel  and  7075-T6  aluminum  alloy.  Three  series  of  experiments  were  car¬ 
ried  out  to  evaluate  the  conditions  which  would  produce  optimum  properties 
in  butt  welds  between  tubular  segments  of  the  above  materials. 


Preliminary  Investigations  on  Maraging  Steel 


I  r 


A  series  of  some  30  friction -welding  experiments  were  carried  out 
using  maraging  steel  tubes  having  a  mean  diameter  of  approximately  2.  8  in. 
and  a  diameter-to-wali  thickness  ratio  (D/T)  of  30  to  34.  The  values  of  the 
friction-welding  parameters  (axial  heating  pressure,  eixlal  forging  pressure, 
rotational  velocity,  axial  displacement  (upset),  time,  torque,  and  braking) 
used  for  these  experiments  are  summarized  in  Appendix  C.  1.  During  the 
very  first  experiment  it  became  apparent  that  the  4— jaw  lathe  chucks  with 
which  the  Battelle  friction  welder  is  equipped,  were  not  suitable  for  gripping 
friction-welding  specimens  of  the  type  being  studied  in  this  program.  Torque 
levels  up  to  270  ft/lb  were  generated  at  a  relative  rotational  velocity  of 
1000  rpm  and  an  axial  pressure  of  280  psi.  This  was  sufficient  to  cause  inter¬ 
mittent  welding  between  the  specimen  components  which  in  turn  caused  them 
to  slip  in  the  chucks.  It  was  also  found  that  the  application  of  sufficient  grip¬ 
ping  force  to  prevent  slippage  in  the  4-jaw  chucks  tended  to  cause  significant 
distortion  in  the  welding  specimens  which  destroyed  their  rotational  sym¬ 
metry.  These  problems  were  overcome,  for  the  purposes  of  this  program, 
by  milling  a  1/2 -in.  -square  notch  diametrically  across  the  rear  face  of  each 
specimen  and  inserting  a  specially  designed  internal  support  sti  ucture  which 
could  be  keyed  to  the  friction  welder  chuck  jaws  and  would  prevent  radial  dis¬ 
tortion  of  the  specimens  by  the  chuck  jaws.  These  fixtures  were  used  during 
all  subsequent  experiments.  It  is  felt,  however,  that  the  use  of  such  internal 
support  would  probably  not  be  necessary  in  production  situations  where 
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hydraulically  actuated  collets  designed  for  the  specific  application  and  having 
significantly  greater  gripping  surface  areas  would  be  used  to  hold  the  work 
pieces  during  friction  welding.  The  purchase  of  collet  type  gripping  fixtures 
especially  for  these  studies  was  thought  to  be  unnecessary  in  achieving  the 
goals  of  this  program. 

Examination  of  the  microstructures  of  these  preliminary  welds  indi¬ 
cated  that  bonding  is  readily  achieved  over  a  wide  range  of  welding  conditions 
but  that  optimum  microstructures,  e.g. ,  minimum  perturbation  of  the  parent 
metal  structures,  were  considerably  more  difficult  to  produce.  Since  the 
parent  metal  had  a  very  fine  grain  structure  (about  ASTM  7)  as  shown  in 
Figure  8,  it  was  found  that  any  set  of  welding  conditions  which  generated  more 
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FIGURE  8.  PARENT  METAL  STRUCTURE  OF  18Ni(250) 

MARAGING  STEEL  TUBE  SPECIMENS 

Aged  3  hr  at  900  F. 

than  sufficient  frictional  heating  tended  to  cause  significant  grain  growth  in  the 
areas  immediately  adjacent  to  the  weld  interface.  This  was  particularly  true 
where  heating  rates  were  low  and/or  frictional  heat  generation  times  were 
long.  This  is  illustrated  in  Figure  9,  which  shows  the  effects  of  (a)  prolonged 
heating  at  moderate  pressures  and  (b)  heating  at  low  contact  pressures  which 
increased  the  times  required  to  achieve  reasonable  axial  displacements. 
Excellent  microstructures  were  achieved,  on  the  other  hand,  at  high  heating 
and  forging  pressures  and  moderate  speeds  and  at  low  heating  pressures  and 
speeds  as  shown  in  Figure  10.  Unfortunately,  however,  those  conditions 


s? 

i 


w- 


'n 


"I 


% 


•'.y  ■■’  ' 

■  ' 


I'. 


^  -'a'S4v%'  '/  W  _• 

i>'  /'/.••'.  -•■  "  ..'  /'  .. '  f 


CO 

CO 


CO  W 


CO 

c 

5  2 

»  n 


.13 


O 

5 

o 


. 


-5 

4 


I 

I 


f, 


» 

? 


J 


II.LUSTIIATION  OF  GIJAIN  GROWTH  ADJACENT  TO  FRICTION  WELDS  CAUSED  BY  PROLONGED 
HEA  TING  AND/OR  LOW  HEAT  GENERATION  RATES 
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which  produced  good  microstructures  at  low  axial  pressure  and  rotational 
speeds  did  not  achieve  axial  displacements  sufficient  to  insure  bonding  over 
the  entire  faying  surface  areas. 


Preliminary  studies  on  the  effects  of  forging  pressure  indicated  that,  in 
general,  increasing  the  forging  pressure  above  the  level  of  the  heating  pres¬ 
sure  tended  to  reduce  the  width  of  heat  affected  zones  and  to  produce  some 
grain  refinement  at  the  weld  interfaces,  particularly  where  relatively  low 
(3000  to  5000  psi)  heating  pressures  were  used.  This  is  illustrated  in  Fig¬ 
ure  11,  where,  after  heating  for  approximately  3.7  sec.  at  an  axial  pressure 
of  4800  psi  and  a  rotational  speed  of  2000  rpm,  cixial  pressure  was  (a)  not 
significantly  increased  and  (b)  was  approximately  doubled  at  termination  of 
the  weld  cycle.  Some  disadvantages  to  the  use  of  high  axial  forging  pressures 
were  also  found  as  the  possibility  of  axial  misalignment  in  the  welded  speci¬ 
mens  was  increased,  particularly  where  heat  inputs  were  high  and  prolonged 
and/or  specimen  support  was  relatively  distant  from  the  faying  surfaces. 


Investigation  of  the  effects  of  braking  or  stopping  time  on  weld  integrity 
were  undertaken  but  were  discontinued  when  it  was  discovered  that  the  main 
result  of  failure  to  use  auxiliary  braking  was  to  increase  the  probability  of 
axial  misalignment  and  destruction  of  axial  or  rotational  symmetry  in  the 
welded  tubes.  This  was  most  apparent  where  high  forging  pressures  were 
used  and  was  probably  more  a  result  of  the  friction-welder  design  than  any 
other  factor.  Since  the  application  of  both  auxiliary  braking  and  forging  pres¬ 
sure  are  triggered  by  microswitches  activated  when  the  spindle  drive  system 
is  disengaged,  failure  to  use  auxiliary  spindle  braking  produces  a  significant 
increase  in  axial  pressure  while  rotational  speeds  are  still  relatively  great. 
This  resultd  in  increased  torque  which  tends  to  cause  distortion  of  the  speci¬ 
mens'  cixial  symmetry.  These  tendencies  could,  in  retrospect,  be  overcome 
either  by  redesigning  the  friction  welder  so  that  forging  pressure  is  not  ap¬ 
plied  until  after  rotation  completely  ceases  or  by  providing  rigid  support  for 
the  work  pieces  in  close  proximity  to  the  faying  surfaces.  It  was  found 
during  the  course  of  this  investigation  that,  for  the  specimen  geometries 
under  consideration,  rigid  support  of  the  work  pieces  at  a  distance  of  about 
1/2  in.  from  the  faying  surfaces  was,  for  all  practical  purposes,  sufficient 
to  eliminate  the  tendency  of  the  forging  force  to  cause  cixial  misalignment 
and  distortion. 


One  of  the  objectives  of  this  program  wes  to  determine  the  feasibility 
of  friction  welding  together  missile-systems  components  which  contained 
certain  viscoelastic  materials.  In  the  cas.e  of  maraging  steel  this  would 
mean  friction  welding  together  previously  maraged  components.  A  single 
experiment  was  conducted  to  investigate  this  possibility  by  welding  together 
two  tube  segments  which  had  been  previously  maraged  for  3  hr  at  900  F. 
¥'‘elding  conditions  which  had  previously  been  shown  to  yield  satisfactory 
weld  microstructures  were  used  for  this  experiment.  After  welding,  the 
specimen  was  examined  metallographically  and  a  microhardness  trace 
across  the  weld  interface  made.  As  shown  in  Figure  12,  a  distinct  loss  of 
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hardness  was  evident  at  the  weld  interface.  This,  as  was  not  unexpected, 
was  probably  caused  by  rapid  resolutioning  of  the  Ni3  Ti  and  Fe2Mo  pre¬ 
cipitates  which  give  maraging  steel  its  extraordinary  strength  and  tough- 
ness(23,24)^  A  band  of  decreased  strength  commensurate  with  the  band  of 
reduced  hardness  was  probably  therefore  generated.  This  would  have  to  be 
removed  by  an  additional  maraging  treatment  to  realize  the  optimum  prop¬ 
erties  of  maraging  steel.  Such  a  heat  treatment  would,  in  the  very  least,  be 
detrimental  to  any  contained  viscoelastic  material  as  well  as  requiring  two 
maraging  heat  treatments  for  each  component  produced.  In  view  of  these 
results  it  was  decided  that  further  friction- welding  studies  involving  previously 
maraged  specimens  would  be  unwarranted.  This  and  a  previous  experimert 
had  already  indicated  that  the  conditions  needed  to  weld  maraged  tubes  did  not 
differ  significantly  from  those  needed  to  weld  maraging  steel  tubes  in  the 
solution  annealed  condition. 
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Parametric  Investigations  of  Friction  Butt 
Welds  Between  Marag'ng  Steel  Tubes 
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Based  on  the  information  gained  from  the  preliminary  investig  tions 
discussed  above,  an  experimental  program  was  set  up  to  study  the  effects  of 
the  independently  controlled  weld-cycle  variables  on  the  mechanical  and  mi- 
crostructural  properties  of  friction  butt  welds  between  thin-walled  maraging 
steel  tubes.  It  was  initially  intended  that  a  total  of  nine  experiments  encom¬ 
passing  three  levels  of  heating  force;  three  levels  of  forging  force,  and  three 
levels  of  axial  displacement  would  be  performed  at  each  of  three  rotational 
velocities  using  tubular  specimens  having  a  mean  diameter  of  about  2.  8  in.  and 
a  diameter-to-wall  thickness  ratio  of  about  30:1.  The  experimental  matrices, 
shown  in  Table  2,  did  not  follow  the  original  plan  because  of  several  factors. 
First,  the  limit  of  sensitivity  of  the  friction-welding  machine  did  not  always 
result  in  exact  duplication  of  applied  forces;  and  second,  mechanical  difficul¬ 
ties  with  the  clutch  mechanism  did  not  always  permit  termination  of  the  weld 
cycle  at  the  prescribed  axial  displacement.  Neither  were  differences  in 
specimen  cross-sectional  areas  accounted  for  when  performing  the  elding 
experiments.  Additional  experiments,  using  specimens  having  mean  di¬ 
ameters  of  about  2.  8  in.  and  D/T's  of  45  to  49  and  specimens  having  mean 
diameters  of  about  5.  8  in.  and  D/T's  of  75  to  85  were  performed  to  investi¬ 
gate  the  scalability  of  those  weld-cycle  variables  proven  by  mechanical- 
property  tests  to  have  produced  acceptable  welds  in  the  2.  8  in.  in  diameter, 
30:1  D/T  specimens.  All  of  the  weld-cycle  variables  and  specimen  geometries 
from  the  Phase  II  study  are  summarized  in  Appendix  C.  2.  A  typical  friction¬ 
welding  test  history,  from  which  these  data  were  derived,  is  shown  in  Fig¬ 
ure  13.  Time -temperature  profiles  lor  each  of  the  Phase  11  friction -welding 
experiments  were  determined  from  thermocouples  embedded  in  the  surfaces 
of  the  nonrotating  specimen  components  at  distances  initially  1/16  in.  , 

3/16  in.  ,  and  7/16  in.  from  the  faying  surfaces.  These  data  are  summarized 
graphically  in  Appendix  D  but  will  not  be  treated  rigorously  because  of  the 
complex  relationships  involved^ ^9)  ar.d  because  the  property  changes 
discussed  above  which  occur  durii  g  the  welding  cycle  have  essentially  neces¬ 
sitated  subsequent  heat  treatment  to  achieve  full  properties  and  therefore 
precluded  the  possibility  of  friction-welding  components  containing  those 
viscoelastic  m?.terials  which  were  the  primary  reason  for  concern  over  heat 
generation.  Bend  and  tensile -property  data  in  both  the  as -welded  and  sub¬ 
sequently  maraged  conditions  for  these  friction -welding  experiments  are 
summarized  in  Appendix  E,  along  with  base-metal  property  data.  Micro- 
structviral  ariations  resulting  from  changes  in  welding  conditions  were  more 
subtle  and  will  not  be  presented  in  summary  form  but  rather  will  be  described 
in  general  terms  laver  in  this  discussion. 


It  was  the  primary  purpose  of  this  program  to  determine  the  interrelat- 
tionships  among  the  independent  (controllable)  friction-welding  cycle  vari¬ 
ables,  e.g.  ,  rotational  speed,  axial  heating  pressure,  axial  forging  pres¬ 
sure,  and  axial  displacement  (or,  alternatively,  heating  time),  and  their 
effects  on  resultant  weld  quality  for  the  purpose  of  enabling  engineers  and 


designers  to  specify  the  equipment  and  process  characteristics  necessary  for 
the  reliable  and  economical  incorporation  of  friction  welding  into  missile 
systems  production  operations.  In  order  to  accomplish  this  end,  the  me¬ 
chanical  properties,  specifically  tensile  strengths,  were  first  examined  with 
respect  to  each  of  the  independent  variables  individually.  This  was  done 
graphically  as  shown  in  Figures  14  through  16.  It  was  immediately  apparent 
from  these  representations  of  the  data  that  no  single  independent  variable  was 
particularly  predominant  in  controlling  the  tensile  strength  of  friction  butt 
welded  managing  steel  tubes.  Similar  correlations  between  ductility  (elonga¬ 
tion  at  rupture)  and  the  independent  cycle  variables  were  considerably  leas 
conclusive  while  those  involving  either  strength  or  ductility  with  rotational 
speed  were  decidedly  inconclusive.  It  was  therefore  decided  that  a  relatively 
complex  relationship  in  which  each  of  the  independent  variables  contributes 
to  the  attainment  of  the  resultant  weld  properties  must  exist. 


Multiple  correlation/regression  techniques  using  a  relatively  broad  but 
powerful  statistical  analysis  computer  program^^^)  were  applied  to  all  of  the 
data  generated  during  the  Phase  II  investigations  in  order  to  determine  the 
influence  of  each  of  the  independent  weld -cycle  variables  on  the  strength  of 
friction-welded  maraging  steel  tubes.  Examination  of  the  data  as  presented 
in  Figures  14,  15,  and  16,  suggested  that  axial  displacement  and  heating  pres¬ 
sure  had  a  stronger  influence  on  mechanical  properties  than  did  forging  pres¬ 
sure  or  relative  rotational  velocity.  Further,  the  trends  suggested  by  these 
data  indicated  that  the  functional  relationship  between  tensile  strength  and 
both  upset  and  heating  pressure  should  be  either  exponential,  logarithmic,  or 
parabolic  in  form  and  that  forging  pressure  should  have  a  weak  parabolic  re¬ 
lationship  with  tensile  strength.  All  combinations  of  these  functional  rela¬ 
tionships  along  with  linear  and  logarithmic  functions  of  surface  velocity  were 
fit  to  the  data  and  evaluated  statistically.  The  most  satisfactory  statistics, 
e.g.  ,  multiple  correlation  coefficient,  standa^'d  error,  and  F-ratio,  were 
obtained  for  a  polynomial  describing  tensile  strength  as  dependent  on  the 
exponential  of  axial  displacement,  Uj^,  the  square  root  of  heating  pressure, 
Ph,  the  square  root  of  the  ratio  of  forging  pressure,  Pp,  to  heating  pres¬ 
sure,  and  on  linear  surface  velocity.  The  relationship  was  statistically  im¬ 
proved  by  normalizing  the  axial  displacement  values  based  on  specimen  cross- 
sectional  areas  in  terms  of  volume  of  material  displaced  from  the  faying  sur¬ 
faces.  The  relationship  thus  obtained  is  presented  in  Table  6,  along  with  the 
relevant  statistics.  This  relation  is  taken  to  be  valid  for  butt -welded  marag¬ 
ing  steel  tubes  having  mean  diameters  between  2.8  and  5.8  in.  with  D/T 
ratios  between  30:1  and  85:1.  According  to  the  statistics  presented  in  the 
table,  the  regression  model  accounts  for  some  55  percent  of  the  variance 
observed  in  the  tensile  strengths  and  strength  data  predicted  from  the  model 
should  not  be  in  error  more  than  10  percent  of  levels  gi*eater  than  218,  000 
psi.  A  comparison  of  actual  tensile  strengths  with  those  predicted  from 
the  regression  equation  is  presented  in  Figure  17.  It  can  be  seen  from  this 
relation  that  most  of  the  experimentally  determined  strength  data  fall  with¬ 
in  the  standard  error  limits  of  the  model  except  at  the  lower  strength  levels 
where  the  density  of  experimental  data  points  is  much  lower.  The  solid 


FIGURE  16.  EFFECT  OF  FORGING  PRESSURE  ON  TENSILE  STRENGTH  OF 
FRICTION-BUTT -WELDED  MARAGING  STEEL  TUBES 
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TABLE  6.  EMPIRICAL  RELATIONSHIP  BETWEEN  STRENGTH  AND 

INDEPENDENT  WELD  CYCLE  VARIABLES  FOR  FRICTION 
BUTT  WELDS  BETWEEN  THIN -WALLED  MARAGING 
STEEL  TUBES 


=  163509  -  140703  exp  (-100  Vj^)  +  783  \^  +  22861 

UTS 

yPp/Pn  +  1.  53  Sl 

UTS 

=  Tensile  strength,  psi 

^H 

=  Volume  of  material  expelled  from  faying  surface, 

in.  ^ 

^H 

=  Axial  heating  pressure,  psi 

'“f 

=  Axial  forging  pressure,  psi 

®L 

=  Relative  surface  velocity  of  sliding  components  taken  at  the  mean  tube 
diameter,  standard  ft  per  min. 

Statistics: 

Multiple  correlation  coefficient,  R 

0.  74470 

R  squared  (portion  of  variance  in  dependent 
variable  accoimted  for  by  regression  eqn. ) 

0.  55458 

Standard  error 

21,879 

Degrees  of  freedom  in  regression 

4 

Degress  of  freedom  in  residual 

35 

F  ratio 

10.89453 
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FIGURE  17.  COMPARISON  OF  STRENGTHS  OF  FRICTION-BUTT -WELDED 
MARAGING  STEEL  TUBES  WITH  THOSE  DERIVED  FROM 
168509-140703  exp  (-100V„)  +  703  P„  +  2Z86  P_/P„  +  1.  53  S, 
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symbols  represent  values  for  experiments  using  specimens  having  larger 
mean  diameters  and  higher  D/T's  whose  welding  conditions  were  derived  by 
scaling  based  on  specimen  cross-sectional  area.  This  indicates,  then,  that 
the  model  derived  here  is  adequate  for  use  by  designers  in  specifying  the 
conditions  for  friction -butt- welding  thin-walled  maraging  steel  tubes. 

According  to  the  model  presented  above,  acceptable  friction  butt  welds 
can  be  obtained  over  a  relatively  wide  range  of  speeds,  heating  pressures, 
axial  displacements,  and  forging  pressures.  In  order  to  determine  what  com¬ 
binations  of  these  variables  might  provide  the  most  cost-effective  welding 
conditions,  the  relationship  between  equilibrium  axial  displacement  rates, 
axial  heating  pressure,  and  rotational  velocities  was  studied.  Equilibrium 
displacement  velocities  for  welds  between  2.8  in.  in  diameter,  30:1  D/T 
tubes,  when  reached  prior  to  weld-cycle  termination,  were  determined  from 
the  displacement  versus  time  curves  on  the  weld-cycle  records.  Equilibrium 
volumetric  displacement  velocities  are  presented  in  Figure  18  as  a  function 
of  heating  pressure  for  three  rotational  speeds.  Several  interesting  points 
can  be  derived  from  uiese  relationships.  First,  it  would  appear  that  there  is 
little  effect  of  rotational  velocity  on  displacement  rates  at  low  heating  pres¬ 
sures  and  that  displacement  velocity  increases  with  increasing  axial  pressure 
at  a  rate  that  is  greater  at  higher  rotational  speeds.  Also,  the  pressure 
versus  displacement  velocity  relationships  appear  to  be  nonlinear  at  1000  and 
2000  rpm  but  approach  linearity  at  intermediate  pressures  at  3000  rpm.  This 
is  somewhat  contrary  to  the  findings  of  Ellis^^'^)  for  similar  investigations 
using  mild  steel  bars  and  may,  for  the  most  part,  be  due  to  differences  in 
specimen  geometry.  It  would  appear  from  Figure  18,  that  while  higher  dis¬ 
placement  rates,  and  therefore  welding  rates,  are  attained  at  increased 
heating  pressures,  there  is  little  effect  of  differences  in  speed  above  2000  rpm. 
Graphical  differentation  of  these  curves  with  respect  to  heating  presssure, 
shown  in  Figure  19,  as  a  function  of  rotational  speed,  would  indicate  that  weld¬ 
ing  is  more  efficient  at  2000  rpm  than  at  3000  rpm  at  the  higher  heating 
pressures.  Furthermore,  the  figure  suggests  ftat  peak  welding  efficiency 
occurs  at  lower  rotational  speeds  as  heating  pressure  is  increased  within  the 
range  of  these  investigations. 

Based  on  these  relationships  and  the  above  welding  model  it  would  ap¬ 
pear  that  friction -butt -welding  maraging  steel  tubes  w'ould  be  most  effectively 
performed  at  heating  pressures  in  the  range  of  9000  to  10,  000  psi  and  surface 
velocities  of  1470  shn  using  any  combination  of  axial  displacement  and  forging 
pressure  that  would  yield  the  desired  joint  strength.  Using  the  peak  torque 
values  listed  in  Appendix  C,  and  the  relation 
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where  1-P  is  horsepower,  ~  is  torque  in  foot-pounds,  and  t)  is  rotational  speed 
in  rpm,  machines  designed  to  friction  butt  weld  5.8  in.  in  diamter,  0.  075  in. 
wall  thickness  maraging  steel  tubes  at  these  conditions  should  be  capable  of 


delivering  at  le^st  80  horsepower  to  the  workpieces.  Similarly,  machines 
designed  to  weld  2.  8  in.  in  diameter  tubes  having  0.  095  in.  and  0.  060-in.  - 
thick  walls  should  be  capable  of  delivering  60  horsepower  and  40  horsepower 
to  the  respective  workpieces. 

Microstructural  changes  of  the  maraging  steel  friction  welds  due  to 
variations  in  welding  conditions  during  the  parametric  studies  were  consid¬ 
erably  less  obvi.jus  than  those  discussed  above  for  the  preliminary  welding 
study.  Differences  in  grain  size  of  the  heat  affected  zone  and  character  of  the 
weld  interfaces  were  discernable,  however,  as  shown  in  Figure  ZO,  which 
essentially  represents  the  extremes  of  the  welding  conditions  studied. 

Changes  which  nught  be  associated  with  differences  in  mechanical  properties 
were  usually  less  obvious  and  occasionally  not  discernable  at  all.  A  brief 
study  of  fractuie  mechanisms  was  undertaken  during  the  Phase  III  studies 
and  will  be  discussed  later. 

The  effec  ts  of  the  maraging  heat  treatment  (900  F  for  3  hr)  on  both 
microstructure  and  hardness  of  maraging  steel  friction  welds  were  studied 
for  a  number  of  welding  conditions  which  caused  significant  differences  in 
mechanical  properties.  Again,  variations  due  to  differing  welding  conditions 
were  not  particularly  discernable.  The  maraging  heat  treatment  did  have  a 
significant  effect  on  both  microstructure  and  hardness  as  shown  in  Figure  21. 
Longitudinal  hardness  and  structure  variations  across  the  interfaces  as  a 
result  of  welding  can  probably  be  attributed  to  both  heating  and  mechanical 
working  effects.  The  narrow  region  of  increased  hardness  at  the  weld  inter¬ 
face,  as  shown  in  Figure  21,  was  probably  caused  by  mechanical  work  intro¬ 
duced  by  the  applied  forging  pressure.  The  ?djacent  areas  were  probably 
softened  by  the  high  temperatures  generated  during  frictional  heating  while 
the  regions  of  high  hardness  toward  the  outer  edges  of  the  heat  affected  zone 
probably  result  from  a  partial  aging  effect  on  the  solution  annealed  work- 
pieces.  Maraging  subsequent  to  welding  not  only  served  to  increase  overall 
hardness  and  to  flatten  the  hardness  profile  as  shown  by  the  figure,  but  also 
accentuated  the  texture  of  the  material  by  preferential  precipitation  of  what 
appeared  to  be  carbides  in  longitudinal  bands  which  flare  outward  toward  the 
specimen  surfaces  at  the  weld.  This  longitudinal  banded  structure  is  thought 
to  have  been  introduced  during  fabrication  of  the  material  from  which  the 
specimens  were  made.  Because  of  the  axial  shortening  during  welding,  some 
of  these  carbides  have  a  tendency  to  become  concentrated  at  the  weld  inter¬ 
face  and  may  have  contributed  to  lack  of  strength  in  some  specimens. 

Solution  treatment  of  the  weld  prior  to  aging  tended  to  reduce  the  carbide 
precipitate  concentration  at  the  weld  interface  as  well  as  to  produce  some 
grain  refinement  as  shown  in  Figure  22.  Hardness  profiles  were  not  signifi¬ 
cantly  affected  by  this  treatment.  It  should  be  noted  here  that  while  this 
practice  is  usually  undesirable  after  conventional  welding  because  of  pos¬ 
sible  distortion  due  to  uneven  stress  fields,  no  such  distortion  would  be  ex¬ 
pected  in  friction  welds  because  of  the  completely  uniform  heating  and  weld¬ 
ing  which  occurs  simultaneously  over  the  entire  weld  cross  section. 
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a.  Knoop  Hardness  and  Macrostructure  as  Friction  Welded 
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b.  Knoop  Hardness  and  Mac  restructure  After  Aging  3  Hr  at  900  F 


FIGURE  21.  EP'FECT  OF  AGING  ON  MACROSTRUCTURE  AND 
HARDNESS  OF  MARAGING  STEEL  FRICTION 
BUTT  WELDS 
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Friction-Welding  Investigations  on 
7075  Aluminum  Tubes 

A  total  of  ten  friction-butt-welding  experiments  was  carried  out  be¬ 
tween  7075-T6  aluminum  tube  segments  approximatdy  2.  83  in.  in  diameter 
with  about  0.  120-in.  -thick  walls.  The  results  of  these  experiments  are  sum¬ 
marized  in  Appendix  C.  As  might  be  expected,  this  material  was  found  to 
behave  very  differently  from  maraging  steel  during  welding.  First,  it  was 
found  that  impulsive  application  of  axial  loads  of  as  little  as  3000  lb  at  the 
beginning  of  the  weld  cycle  created  enough  torque  to  shear  the  spindle  drive 
pin  in  the  friction  welder.  Therefore,  the  application  of  heating  pressures 
greater  than  about  2500  psi  had  to  be  programmed  at  rates  no  greater  than 
about  4500  psi  per  sec.  As  is  noted,  two  axial  heating  pressures  are  listed 
in  the  appendix  summary.  This  is  a  result  of  the  material's  high  resistance 
to  axial  deformation  at  low  temperatures  during  friction  welding.  The  high 
thermal  conductivity  of  the  material  considerably  delayed  frictional  heating 
at  the  faying  surfaces  and  thereby  delayed  axial  deformation.  As  interfacial 
temperatures  increased,  however,  a  sudden  loss  in  strength  permitted  axial 
deformation  at  a  rate  that  could  not  be  matched  by  the  friction  welder's  hy¬ 
draulic  system.  A  sudden  drop  in  axial  heating  pressure,  as  listed  in  the 
summary,  was  therefore  experienced  at  the  end  of  the  welding  cycles. 

Mechanical-property  evaluations  conducted  on  the  aluminum  friction 
welds  are  summarized  in  Appendix  E,  along  with  experimentally  determined 
properties  for  the  base  material.  As  can  clearly  be  seen  from  the  data,  no 
satisfactory  welds  were  obtained  for  this  material  as  the  mciximum  joint 
strength  attained  was  only  about  57  percent  of  that  of  the  base  material.  The 
reasons  for  this  apparent  lack  of  weldability  of  7075- T6  extruded  aluminum  tub¬ 
ing  were  revealed  by  microstructural  examination.  As  can  be  seen  in  Fig¬ 
ure  23,  the  structure  of  the  alloy  is  highly  directional  in  nature  having  a 
layered  structure.  Considerable  delaminaticn  of  this  structure  due  to  the 
applied  axial  forces  occurred  during  all  friction -welding  experiments.  The 
most  likely  reasons  for  the  weakness  of  these  friction  welds  were  probably 
the  observed  delamination  and  the  transformation  of  the  high  directional 
structure  of  the  alloy  to  an  equiaxed  structure  at  the  joint  interface  as  shown 
in  Figure  24.  If  the  mechanical  properties  of  extruded  shapes  of  this  alloy 
are  dependent  to  a  large  degree  on  the  directionality  of  their  microstructures, 
then  it  can  be  rea-sonably  concluded  that  friction  welding  is  not  a  suitable 
joining  technique  where  full  base  metal  properties  are  required.  For  these 
reasons  friction-welding  studies  on  extruded  7075  aluminum  tubes  were 
aiscontinued. 


Phase  in  Investigations 


This  phase  of  the  program  v»as  concerned  with  optimizing  the  param¬ 
eters  for  friction- welded  joints  betvveea  maraging  steel  tubes  having  sig¬ 
nificantly  diiferent  wail  thicknesses  Using  a  half-lap  design  and  for  similar 
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joints  between  thinrwalled  maraging  steel  tubes  and  relatively  heavy  plates. 

The  results  of  the  Phase  III  studies  on  tubular  butt  welds  were  used  as  a  base 
for  these  investigations.  Dissimilar  metal  welds  between  the  maraging  steel 
and  7075  aluminum  alloy  were  not  studied  because,  as  discussed  above,  the 
morphology  of  the  aluminum  tubing  rendered  it  unsuitable  for  friction  welding. 

A  two  factor-three  level  experimental  matrix,  as  shown  above  in  Table  4, 
was  set  up  to  study  the  effects  of  forging  pressure  and  axial  displacement  on 
friction  welds  between  thin-  (D/T  =  60  to  75)  and  thick-  (D/T  =  .30)  walled  marag¬ 
ing  steel  tubes  having  the  same  outside  diameter  and  between  similar  thin- 
walled  tubes  and  1/2-in.  -thick  plates.  A  heating  pressure  of  9500  psi  at  a 
rotational  velocity  of  2000  rpm  (1470  sfm),  determined  to  be  optimum  by  the 
Phase  II  work,  was  to  be  used  for  all  of  these  experiments,  which  were 
performed  in  a  randomized  order. 

The  welding  data  recorded  for  the  Phase-III  experiments  are  summa¬ 
rized  in  Appendix  C.  As  can  be  seen  from  this  summary,  a  total  of  eleven  rather 
than  nine  experiments  were  required  using  the  tube-to-tube  half-lap  joint  con¬ 
figuration  as  ?  significant  problem  developed  which  caused  two  of  the  experi¬ 
ments  to  be  repeated.  Examination  of  the  first  joint  in  this  series  revealed 
the  tendency  for  the  thin-walled  component  to  flare  outward  at  the  joint  inter¬ 
face.  This  situation  had  to  be  rectified  because  machining  away  the  external 
weld  flash  would  cause  a  significant  decrease  in  the  wall  thickness  cf  the  thin- 
walled  component  immediately  behind  the  weld  joint  which  would  result  in  a 
region  of  decreased  strength  in  the  joined  components.  .It  was  at  first  thought 
that  the  flaring  was  caused  by  restraint  of  the  internal  weld  flash  by  the  lap 
step  machined  in  the  thick-walled  component.  To  test  ’•his  hypothesis  a  recess 
or  flash  trap  was  machined  in  the  lateral  wall  of  the  lap  step  for  the  second 
experiment.  When  flaring  of  the  thin-walled  component  again  occurred  with¬ 
out  restraint  of  the  internal  weld  flash  it  was  concluded  that  the  flaring  was 
probably  due  to  increased  heat  dissipation,  and  therefore  a  narrower  plastic 
region,  at  the  root  of  the  lap  step  in  the  thicker  wailed  component  than  at  its 
outer  edge.  This  variation  in  the  thickness  of  the  plastic  zone  across  the 
faying  surface  of  the  heavier  walled  component  could  then  act  as  a  wedge 
forcing  the  thinner  walled  component  to  flare  outward.  Subsequent  micro- 
st.’-uctural  examination  of  the  Phase  III  weld  joints  supported  this  conclusion. 

As  indicated  by  Figure  25,  all  of  the  weld  interfaces  wore  inclined  with  re¬ 
spect  to  the  specimen  axes  instead  of  perpendicular  to  them  as  would  be 
expected  for  a  true  butt  type  joint. 

Three  alternative  approaches  were  considered  for  solution  of  rhe  flaring 
problem.  Two  of  these,  one  being  to  increase  the  outside  diameter  of  the 
thick-walled  component  and  the  other  being  elimination  of  the  lap  step,  would 
effectively  have  eliminated  the  joint  design  being  studied  and  were  therefore 
unsatisfactory.  A  third  alternative,  adopted  for  the  remainder  of  this  study, 
was  to  provide  rigid  external  support  for  the  thin -walled  component  in  very 
close  (less  than  1/8  in.  )  proximity  to  its  faying  surface.  This  was  accom¬ 
plished  during  this  study  with  a  restraining  collar  but  the  same  effect  co\ild 
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FIGURE  25.  TYPICAL  MICROSTRUCTURE  OF  HALF-LAP 
JOINT  BETWEEN  MARAGING  STEEL  TUBES 

be  achieved  in  production  simply  by  chucking  the  workpiece  very  close  to  its 
faying  edge  during  friction  welding.  The  restraining  collar  also  provided  an 
additional  heat  sink  for  the  thin-walled  components,  which  permitted  them  to 
heat  at  a  rate  more  commensurate  with  those  of  heavier  walled  components. 

Temperature  histories  were,  as  a  matter  of  course,  determined  for 
each  of  the  Phase  III  experiments  and  are  included  in  Appendix  D  but,  as  be¬ 
fore,  will  not  be  treated  rigorously.  In  those  cases  where  the  thin -walled 
component  was  held  stationary  as  well  as  for  all  experiments  involving  plates, 
fixturing  prevented  the  use  of  more  than  one  thermocouple.  This,  as  before, 
was  resistance  welded  into  a  shallow  hole  drilled  in  the  specimen  outer  sur¬ 
face  at  a  distance  of  1/16  in.  from  the  faying  edge.  Tensile  properties  of  the 
friction-welded  joints  for  both  Phase  III  configurations  were  determined  in  the 
as -welded  and  subsequently  maraged  conditions.  These  data  are  summarized 
in  Appendix  E.  Mic rostructural  effects  were,  again,  not  summarized  but  will 
be  discussed. 


Half-Lapped  Tube-To-Tubc  Joints 


Examination  of  the  data  presented  in  Appendixes  C  and  E  revealed  several 
interesting  aspects  of  friction  welds  between  thin-  and  thick-walled  tubes. 
First,  some  very  high  Icnsile  strengths  were  obtained,  especially  in  com¬ 
parison  with  the  results  of  the  Phase  II  study.  This  may,  to  some  extent,  be 
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accounted  for  by  the  design  of  the  tensile  specimens.  Because  a  slight  amount 
of  flaring  of  the  thin -walled  components  was  still  able  to  occur,  as  can  be 
seen  in  Figure  25  above,  amd  because  the  lap  step  was  machined  away  from  the 
ID  surface  of  the  thick-walled  components  for  about  1/2  in.  adjacent  to  the 
welds,  a  virtual  notched  tensile  specimen  design  was  created  and  fractures 
were  essentially  confined  to  the  weld  interface  rather  than  being  permitted  to 
occur  in  the  base  metal  as  was  the  case  for  the  Phase  II  studies.  This  would 
suggest  that  joint  strengths  in  excess  of  base  metal  strengths  are  possible 
through  friction  welding. 

Because  of  the  limited  sensitivity  of  the  friction-welder  hydraulic  sys¬ 
tem,  it  was  not  possible  to  reproduce  the  same  axial  heating  pressure  for  all 
of  the  experiments  in  the  matrix  as  shown  in  Appendix  C.  This  complicating 
factor  essentially  precluded  a  simplistic  analysis  of  the  effects  of  axial  dis¬ 
placement  and  forging  pressure  on  weld  quality.  A  comparison  of  the  tensile 
strengths  of  these  friction  welds  with  values  calculated  using  the  model  de¬ 
rived  from  the  Phase  II  studies  indicated  that  although  the  observed  strengths 
were  higher  than  predicted  by  the  model,  a  similar  relation  between  strength 
and  the  independent  weld  cycle  variables  should  exist.  Multiple  correlation/ 
regression  techniques  were  then  used  to  generate  the  model  presented  in 
Table  7.  Although  this  model  shows  a  reasonably  good  correlation  between 
Independent  weld-cycle  variables  and  tensile  strengths  of  the  welds,  as  in¬ 
dicated  by  the  coi  relation  coefficient  presented  in  the  table  and  by  Figure  26, 
a  comparison  of  the  F  ratio  with  tabulated  values would  indicate  a  greater 
than  5  percent  probability  of  obtaining  a  better  fit  to  the  data  by  chance  alone. 
This  may  be  due,  in  part,  to  the  small  number  of  experimental  data  points 
considered  in  the  regression.  It  is  interesting  to  note  that  although  this  model 
suggests  a  higher  dependence  of  tensile  strength  on  forging  pressure  than  the 
model  developed  under  Phase  II  (probably  because  of  the  small  range  of 
variation  in  heating  pressure),  axial  or  volximetric  displacement,  as  before, 
exerts  the  greatest  influence  on  friction-weld  tensile  strengths.  Rotational 
velocity  was  eliminated  from  this  model  because  it  was  held  constant  through¬ 
out  this  series  of  experiments.  Requirements  for  power  delivered  to  the  work 
pieces  were  about  the  same  for  this  joint  configuration  as  for  the  butt  joints 
studied  under  Phase  II. 

Metallographic  examination  of  these  joints  was  carried  out  in  both  the 
as -welded  and  subsequently  maraged  conditions.  Joint  microstructures  ap¬ 
peared  very  similar  to  those  presented  above  for  the  Phase  II  studies  except 
there  appeared  to  be  a  higher  incidence  of  agglomerated  carbides  or  oxides 
trapped  in  the  weld  interfaces.  This  may  have  resulted  from  the  restraining 
influence  of  the  lap  step  machined  in  the  heavier  walled  component.  Scanning 
electron  micrography  of  the  tensile  specimen  fracture  surfaces  from  two  of 
the  welds,  as  shown  in  Figure  27,  indicated  that  failure  was  ductile  in  welds 
exhibiting  both  high  and  low  tensile  strengths.  Those  areas  of  Figure  27b 
which  are  not  representative  of  fracture  surfaces,  either  ductile  or  brittle, 
are  thought  to  be  a  result  of  carbides  or  oxides  trapped  in  the  weld  interface. 
This  would  suggest  that  loss  of  tensile  strength  in  these  friction  welds  was  at 


TABLE  7,  EMPIRICAL  RELATIONSHIP  BETWFl:  N’  STRENGTH  AND 
INDEPENDENT  WELD-CYCLE  VAR  '.ES  FOR  HALF¬ 
LAP  FRICTION  WELDS  BETWEEN  THI?-.  -  AND  THICK- 
WALLED  MARAGING  STEEL  TUBES 


UTS  =  219671  -  156489  exp  (-lOOV^)  -1866^^  +  IZOllifp^Tp^ 
UTS  =•  Tensile  strength,  psi 


I 


Vpj  =  Volume  of  material  expelled  from  faying  surface,  ^ 

P„  =  Axial  heating  pressure,  psi 
rl 

Pp..  =  Axial  forging  pressure,  psi 


m-  n 

Vi 


Statistics: 

Multiple  correlation  coefficient,  R 


R  squared  (portion  of  variance  in  dependent 
variable  accovinted  for  by  regression  eqn. ) 


Standard  error 

Degrees  of  freedom  in  regression 
Degrees  of  freedom  in  residual 
F  ratio 


0. 82482 

0.  68033 
25,650 
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2. 83759 
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Calculated  Tensile  Strength,  lO-*  psi 


FIGURE  26.  COMPARISON  OF  STRENGTHS  OF  HALF-LAP  FRICTION-WELDED 
MARAGING  STEEL  TUBES  WITH  THOSE  DERIVED  FROM  319671- 
156489  exp  (-100V„)-1866>/P^  +  120774JP_/P„ 


54 


I 


? 


I 


■>A- 


it 

I 

% 


I 


i^* 

I 


least  partially  due  to  reduction  of  the  effective  cross-sectional  area  of  the  weld 
interface  by  the  included  particles;  thus  inferring  that  the  best  friction  welds 
between  maraging  steel  tubes  will  be  produced  at  conditions  of  heating  pressure 
and  speed  which  will  least  perturb  the  morphology  of  the  components  but  at 
axial  displacements  great  enough  to  expel  any  oxides  or  carbides  that  might 
be  initial’ y  trapped  in  the  faying  surfaces. 


Half- Lapped  Tube-to~Plate  Joints 

Examination  of  the  strength  data  presented  in  Appendix  E  for  friction 
welds  between  thin-walled  tubes  and  heavy  plates  of  maraging  steel  indicates 
that  the  tube-to-plate  welds  generated  during  this  portion  of  the  investigation 
are  generally  inferior  to  those  created  between  thin-  and  thick-walled  tubes  at 
similar  conditions  of  pressure,  speed,  and  upset.  Alternatively  it  may  be 
said  that  satisfactory  friction  welds  between  tubular  specimens  having  small 
cross-sectional  areas  and  heavy  sectioned  plates  are  considerably  more  dif¬ 
ficult  to  achieve  than  similar  welds  between  components  whose  cross-sectional 
areas  immediately  adjacent  to  the  faying  surfaces  are  more  nearly  equal. 
Analysis  of  these  strength  data  with  respect  to  the  factorially  designed  experi¬ 
mental  matrix,  as  shown  in  Table  8,  indicated  that,  on  the  average,  the  best 
mechanical  properties  were  achieved  at  heating-phase  upsets  of  about  0.  037  in. 
and  high  forging  pressures,  but  that  satisfactory  properties  might  also  be 
achieved  at  low  forging  pressures.  Very  little  correlation  was  discernable 
between  weld  mechanical  properties  and  any  of  the  independent  friction-weld¬ 
ing  variables  and  multiple  correlation/regression  analysis  techniques  were 
unable  to  produce  a  model  with  sufficient  statistical  significance  to  have  any 
value  as  a  design  tool. 

Microstructurally  the  tube-to-plate  welds  were  somewhat  different  from 
either  of  the  two  tube-to-tube  weld  designs  in  that  the  grain  size  of  the  plate 
material  was  approximately  ten  times  that  of  the  tube  material.  The  effects  on 
heat  dissipation  of  the  differences  in  mass  between  the  two  specimen  com¬ 
ponents  are  also  readily  recognizable.  As  can  be  seen  by  comparing  the  mi¬ 
crostructures  of  Figure  28  with  those  of  Figures  20  and  25,  the  heat  sink 
provided  by  the  massive  plate  component  served  to  essentially  prohibit  any 
significant  plastic  deformation  by  this  component  during  frictic»’3l  heating. 

This  is  evidenced  by  the  comparative  lack  of  inclination  of  the  •(  -d  interface 
with  respect  to  the  axis  of  rotation  and  the  lack  of  perturbati*"-.  of  the  adjacent 
plate  component  grain  s  tructure.  Structural  differences  in  the  trapped  inter¬ 
nal  weld  flash  between  the  two  Phase  III  joint  configurations  also  indicate  that 
the  plate  components  remained  relatively  cool  and  acted  as  heat  sinks.  The 
flash  trapped  in  the  tube-to-tube  joints  has  a  structure  very  similar  to  the 
surrounding  material  while  that  trapped  in  the  tube-to-plate  joints  is  extremely 
fine  grained  and  in  some  instances  appears  somewhat  austenitic  in  character, 
indicative  of  quenching.  From  these  discussions  it  would  appear,  then,  that 
although  friction -welded  joints  having  satisfactory  properties  are  possible 
between  thin-walled  tubes  and  heavy  plates,  the  probability  of  obtaining 


FIGURE  28,  TYPICAL  INTERFACE  MICROSTRUCTURES  OF  FRICTION  WELDS  BETWEEN  THIN-WALLED  TUBES 
AND  HEAVY  PLATES  OF  MARAGING  STEEL 
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satisfactory  welds  at  a  wider  variety  of  conditions  would  be  enhanced  by  pre¬ 
heating  the  heavier  component  to  reduce  heat  losses  and  promote  plastic  de- 
formation  at  the  faying  surfaces  during  welding. 
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CONCLUSIONS 


(1)  In  general,  it  can  be  concluded  from  this  study  that  friction  welding 

can  be  effective  in  decreasing  costs  and  increasing  efficiency  in  missile 
systems  production  operations.  Its  incorporation  would  result  In  sim¬ 
plification  of  component  forming  operations,  reduction  in  the  number  of 
machining  steps,  and  increased  speed  and  reliability  in  joining  opeia- 
tions  which  would  thereby  increase  the  cost  effectiveness  of  missile 
systems  production. 


(2)  An  empirical  model  has  been  derived  which  will  permit  specification  of 
the  conditions  of  rotational  speed,  axial  heating  and  forging  pressures, 
and  axial  displacement  necessary  to  achieve  high-quality  friction  butt 
welds  between  18Ni(250)  maraging  steel  tubular  components  having 
mean  diameters  between  2.  8  and  5.  8  inches  and  diameter  to  wall- 
thickness  ratios  between  30  and  80.  The  greatest  welding  efficiencies 
were  found  to  occur  at  rotational  velocities  equivalent  to  1470  sfm  and 
axial  heating  pressures  between  9000  and  10,  000  psi.  Machines  for 
producing  these  w'elds  should  be  capable  of  delivering  between  40  and 
80  horsepower  to  the  work  pieces. 

(3 )  An  empirical  model  similar  to  that  for  friction  butt  welding  was  found 
to  define  the  conditions  of  axial  heating  and  forging  pressures  and  dis¬ 
placement  at  1470  sfm  necessary  to  achieve  satisfactory  half-lap  fric¬ 
tion  welds  between  thin  and  thick  walled  maraging  steel  tubes.  Similar 
efforts  for  half-lap  joints  between  thin  -walled  tubes  and  heavy  plates 
were  unsuccessful,  indicating  thr.t  differences  in  geometry  adjacent  to 
the  faying  surfaces  betw'een  the  components  to  be  joined  can  have  a  pro¬ 
nounced  effect  on  the  optimum  conditions  for  successful  friction  weld¬ 
ing.  It  is  therefore  concluded  that  the  proper  conditions  for  friction 
welding  one  joint  configuration  cannot  necessarily  be  inferred  from 
studies  on  another  joint  configuration  and  that,  at  the  present  state  of 
the  art.  a  certain  amount  of  parametric  development  is  necessary  for 
each  joint  design  of  interest. 

(4)  Frictio-n  welds  between  work  pieces  of  a  given  material  having  signifi¬ 
cantly  different  cross  sections  are  considerabl-y  more  difficult  than 
those  between  components  more  nearly  equal  in  cross  section  but  may 
be  facilitated  by  preheating  the  heavier  component. 

■)  It  was  found  from  this  study  that  the  quality  of  friction  welded  joints  be- 
veen  maraging  steel  tubes  has,  in  terms  of  welding  variables,  a 
greater  dependence  on  axial  pressure  and  displacement  during  the  heat¬ 
ing  phase  of  the  weld  cycle  than  on  either  forging  pressure  or  relative 
rotational  velocity.  Microstructurai  investigations  have  indicated  that 
high  joint  integrity  is  most  likely  when  frictional  heating  is  evenly 


distr  buted  between  the  components  to  be  joined,  is  limited  to  the  im¬ 
mediate  vicinity  of  the  weld  interface,  and  is  sufficient  to  permit 
plastic  deformation  of  the  interfacial  material  but  not  prolonged  enough 
to  cause  significant  grain  growth  in  the  areas  adjacent  to  the  weld. 
Tensile  failure  of  friction  welds  was  found  to  be  ductile  in  nature  with 
weakness  being  at  least  partially  due  to  included  carbides  end /or 
oxides  which  act  to  reduce  the  effective  bond  area. 

(6)  Rigid  support  for  the  thin  walled  tubular  work  pieces  was  found  to  be 
necessary  within  1/2  inch  of  the  faying  surfaces  to  prevent  distortion 
during  the  forging  phase  of  friction  butt  welds.  Thin  v/alled  compo¬ 
nents  of  half- lap  joints  were  found  to  require  rigid  external  support  to 
within  1/8  in.  of  the  faying  surfaces  to  prevent  flaring  during  the  weld 
cycle  and  subsequent  loss  of  component  wall  thickness  during  removal 
of  the  external  weld  flash. 

(7)  Auxiliary  braking  is  desirable  for  conventional  friction  welds  between 
thin-walled  components  because  it  serves  to  decrease  the  probability 
of  radial  distortion  in  the  welded  joint  and  reduces  the  torque  oeak 
generated  during  deceleration  of  the  rotating  component. 

(8)  Maraging  steel  components  should  be  friction  welded  in  the  solution- 
annealed  condition  as  the  heat  generated  during  welding  is  sufficient  to 
cause  re- solution  of  the  strengthening  precipitates,  thus  requiring 
additional  aging  to  achieve  full  maraged  properties. 

(9)  Solution  treatment  of  friction-welded  maraging  steel  components  prior 
ro  aging  was  found  to  be  beneficial  to  joint  qviality  by  irreversibly 
dissolving  carbides  concentrated  at  the  weld  interface  and  causing  re¬ 
finement  of  the  grain  structure  in  the  bond  zone. 

(10)  It  is  not  feasible  to  friction  weld  maraging  steel  components  containing 
viscoelastic  materials  because  of  the  subsequent  heat  treatment  re¬ 
quired  to  achieve  optimum  properties.  Maraging  steel  components 
containing  viscoelastic  materials  could,  hov/ever,  be  friction  welded 
to  dissimilar  materials  where  re-solution  would  not  affect  the  overall 
joint  strength. 

(11)  Because  of  their  highly  directional,  almost  fibrous,  grain  structures, 
it  is  not  feasible  to  achieve  fully  efficient  friction  welds  between  ex¬ 
truded  7075-T6  aluminum  alloy  tubes.  It  is  logical  to  assume,  then, 
that  this  conclusion  would  also  hold  true  for  other  materials,  similarly 
fabricated,  whose  mechanical  properties  are  dependent  on  their  highly 
directional  grain  structures. 


R  ECOMMSNDATIONS 


(1)  It  is  realized  that  the  expense  of  converting  present  missile-systems 
production  operations  or  those  in  the  latter  stages  of  development  to 
friction-welding  technology  would  be  prohibitive  but  based  on  the  work 
performed  under  this  contract  and  the  findings  presented  in  thi<:  report, 
it  is  recommended  that  the  process  be  seriously  considered  as  a  cost- 
effective  tool  for  use  in  the  production  of  all  future  missile  systems. 

(2)  This  study  has  produced  empirical  relaticnships  applicable  to  the  fric¬ 
tion  welding  of  t?iin-walled  maraging  nteel  components  of  circular  cross 
section.  It  is  not  felt,  however,  that  these  relationships  can  neces¬ 
sarily  be  translated  to  other  materials  and  joint  configurations  without 
suitable  experimental  aevelopment.  Simihir  efforts,  possibly  more 
limited  in  scope,  should  be  directed  toward  other  materials  and  fricnon- 
welding  joint  configurations  of  specific  present  or  possible  future  in¬ 
terest  to  the  Missile  Cotnmand  to  provide  design  experts  with  the 
information  necessary  to  considei  the  application  of  friction-welding 
techniques  to  future  missile?  systems -fabrication  concepts. 

(3)  During  the  course  of  literature  surveys  performed  in  connection  with 
this  program,  verv  little  information  v;as  for.nd  regarding  nondestruc¬ 
tive  techniques  for  verifying  the  quality  of  friction  welds.  It  is  recom¬ 
mended  therefore,  that  consideration  be  given  to  tne  development  of 
nondestructive  inspection  techniques  capable  of  evaluating  friction-weld 
quality.  Such  an  effort  might  be  directed  toward  eventual  automated 
production  usage,  providing  either  full  or  partial  inspection  as  needs 
may  require. 
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APPENDIX  B 


SUMMARY  OF  MATERIALS  JOINED  BY  FRICTION  V/ELDING 


Material  Joined 

Configuration 

Relative 
Velocity,  rpm 

Contact  Pressure, 
ksi 

Heating  Forging 
Phase  Phase 

Upset, 

in. 

Time, 

sec 

Reference 

Similar  Metal  Joints 

Aluminum  (comm,  pure) 

3/4-in.  rod 

3800 

4 

6.5 

6 

10 

1 100  Aluminum 

l-in.  bar 

5200'** 

7.6 

7.6 

0.  150 

I 

21 

?024  Aluminum 

l/4«in.  rod 

3200 

43 

180 

0.005 

7 

o06l  Aluminum 

l/4*in.  rod 

1000-1500 

6-12 

6-12 

2-6 

22 

3/8-in,  rod 

1000-1500 

3-6 

3-6 

2-9 

22 

1-in.  bar 

6700<*l 

8.9 

8.9 

0.  150 

1 

21 

Copper  (comm,  pure) 

1-in.  bar 

8000<»> 

6.4 

6.4 

0.  150 

0.5 

21 

Copper  (E  TP) 

1-in.  bar 

6000 

5 

10 

18 

10 

Copper 

1-1/2-in.  bar 

5400 

6,4 

10 

8.5 

9 

Cartridge  brass 

1  -in.  bar 

T00C<** 

6.4 

6.4 

0.  150 

0.  7 

2: 

Magnesium 

!/4-in,  rod 

3200 

57 

1  13 

0.010 

7 

Nickel 

1/4-in.  rod 

3200 

86 

169 

0.010 

7 

Inconel  718 

1-in,  bar 

I500<») 

63.6 

63.6 

0.  150 

3 

21 

Udimct  700 

l/2-in  rod 

3600<*> 

41 

41 

0.  150 

13 

Carbon  steel 

1/2-in.  rod 

3000 

5 

5 

7 

10 

1-in.  bar 

150C 

7.5 

7.5 

15 

10 

1013  Steel 

5/16-in.  rod 

4400 

6 

18 

3 

9 

1-in.  bar 

^600<»l 

15.3 

15.3 

0.  100 

2 

21 

1037  Steel 

1-11/ I6-in.  bar 

2200 

12 

24 

21 

9 

I04S  Steel 

1-in.  bar 

■I600<»> 

17.8 

17.8 

0.  100 

2 

21 

•tUO  Steel 

l-in.  bar 

4600<»' 

19.  1 

19.  1 

0.  100 

2 

21 

SAR  8620  steel 

3-1/  16-in.  bar 

2500 

28 

60 

11 

9 

T-1  Tool  steel 

3/4-in.  bar 

4000 

15 

20 

10 

ID 

Maraging  steel 

1-in.  bar 

3000<»l 

25.5 

25.5 

0.  10 

2.5 

21 

18  Ni  (2S0)  maraging 

3-tn.  thin-wall  tube 

2000 

9.5 

17 

0.075 

1.6 

This  work 

18  Ni  maraging 

2.  36-in.  ^  tube 

2500 

16 

30 

12.5 

9 

302  Stainless 

1  ’in.  bar 

3500<»> 

22.9 

22.9 

0.  10 

2.5 

21 

304  Stainless 

1/4-in.  rod 

3200 

86 

169 

0  070 

7 

300  and  400  Series  S.S. 

1-in.  bar 

3000 

12 

16 

7 

10 

5.  5-00  X  1 /2-wall  tube 

800 

20 

20 

35 

10 

410  Stainless 

1/4-in.  rod 

1500 

10 

10 

2-4 

22 

1  -m.  bar 

3000*®* 

22.9 

22.9 

0.  10 

2.5 

21 

T1-6A1-4V 

1  -in.  bar 

6000<®> 

10.2 

10.2 

0.  10 

2 

21 

TI-I3A1-MV 

3/4-in.  bar 

10.000 

0.4 

8.5 

20-25 

10 

TI-6AI-IV 

22-in.  -diam  ring 

I500<®* 

50 

50 

12 

Zirconium 

l/4-in.  rod 

3200 

31-86 

31-169 

0.030 

7 

Zircoloy*2 

1/4-tn.  rod 

500-1000 

10-26 

10-26 

18-3 

22 

Dissimilar  Metal  Joints 

1100  Aluminum  to  copper 

1  -in.  bar 

2000<*’ 

96 

96 

0.200 

I 

2: 

2024  Aluminum  to  copper 

1/4-in.  rod 

3200 

*14 

1  14 

0.015 

7 

6061  Al  -  30Z  S.S. 

1-in.  bar 

5500<*' 

6.4 

19.  1 

0.200 

3 

21 

Cu  -  1018  Steel 

1-in.  bar 

sooo'** 

6.-t 

6.4 

0.  150 

1 

21 

Inconel  718  —  1045  Steel 

1  -  in.  bar 

I500<®> 

51 

51 

0.  150 

2.  5 

21 

Sintered  high'carbon 

steel  1018  steel 

1-in.  bar 

4600<®> 

15.3 

15.3 

0.  100 

2.5 

21 

1141  Steel  to  1020  steel 

13/l6-in.  rod 

4400 

12 

17 

4 

9 

3140  Ste-I  to  2ICr-4Ni- 

9mn  Steel 

3/8-in.  rod 

5000 

25 

40 

10 

10 

4140  steel  -  1035  steel 

I-3/-I-ODX  l/•i-wall  tube  6800 

2.5 

6 

42 

10 

■I-I/2-OD  X  5/8-»all  tube  3000 

5.5 

16 

26 

10 

5*20  Steel  -  1026  steel 

3/4-in.  bar 

2200 

7.5 

18 

8 

9 

5130  Steel  -  Smt.  Fe 

5/15-in.  rod 

5600 

8 

16 

10 

9 

M-2  Tool  St.  -  1045  steel 

1-in.  bar 

3000'*’ 

51 

51 

0.  100 

3 

21 

Stainless  -  carbon  steel 

3/4-in.  bar 

3000 

7.5 

15 

10 

10 

302  S.S.  -  1020  steel 

l-in.  bar 

3000'*’ 

iC.'f 

22.9 

0.  100 

2.5 

21 

Zr  to  1020  steel 

1/4-in.  rod 

3200 

28.6 

164 

0.  020 

7 

Zr  to  30^  S.S. 

1/4-in.  rod 

3200 

28.6 

1 16 

0.025 

7 

ZircoIoy-2  to  410  S.S. 

1/4-in.  rod 

1000 

10 

10 

4 

22 

(a)  Initial  rclatn  c  velocity  >  inertia  welding  process. 
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APPENDIX  C 


SUMNIARIES  OF  FRICTION- WEDDING  VARIABLES  INVESTIGATED 


TABLE  C-1.  FRICTION- WELDING  VARIABLES  FROM  PRELIMINARY  PHASE  II  STUDIES  ON  MARAGING  STEEL 


Mean 

Weld  Specimen  D/T 
Cycle  DUro,  in.  Ratio 


Faying  Rotational  Heating  Conditiont  at 

Area.  Velocity,  fteaiute.  Initial  Beak  Cycle  Tettninatlon 
in.^  rpm  p«i  Torque,  ft-Ib  Torque,  ft-lb  Upaet,  in. 


Forging 

fteiBue, 

pti 


Spindle  Total 
Brake,  Upaet, 
pii  in. 


Weld  Cycle 
Energy,  Time, 
Btu/in.2  lec 


34  0.751 

34  0.721 

32  0.761 

33  0.74P 

32  0.  ‘i  1 0 


400  Specimen  compooenta  seized  together  on  contact  and  slipped  in  chucks 

3.880  235  so  —  —  —  0.008 

Gutch  failed  to  disengage  to  terminate  cycle  —  0.344 

5.880  170  60  0.040  6,150  Off  0.056 

5,840  70  SO  6,360  0.40 

Gutch  failed  to  disengage  to  terminate  cycle 


6 

2.800 

33 

0.748 

2000 

2,960 

ISO 

60 

0.025 

6. 950 

30 

0.042 

37.1 

1.3.‘ 

7 

8 

Weld  not  completed  because  of  failure  of  clutch  to  disengage  to  initiate  cycle  terminatioo 
2.805  31  0.789  2000  6.340  200  47  0.030 

15.650 

30 

0.039 

49.6 

2.14 

9 

2.805 

32 

0.780 

2000 

4. 740 

162 

30 

0.026 

9,360 

30 

0.038 

60.8 

3. 12 

10 

2.802 

32 

0.766 

2000 

4,830 

160 

30 

0.027 

5.160 

30 

0.033 

62.6 

3  73 

ll 

2.802 

33 

0.  -53 

2000 

4.980 

155 

35 

ND 

9.630 

30 

0  035 

No 

Mo 

12 

2.802 

32 

0.761 

2000 

7. 100 

170 

52 

ND 

12.480 

30 

ND 

42.3 

Mo 

13 

2.802 

32 

0.761 

2000 

ll,96t 

165 

92 

0. 030 

21,290 

30 

0.045(c) 

32.1 

0.88 

14 

2.802 

33 

0.753 

2000 

13.550 

No 

ND 

0.019 

13.810 

30 

0.034 

Mo 

0.8" 

IS 

2.802 

32 

0.761 

1500 

3,880 

188 

30 

0.029 

6.700 

30 

0,044 

66.8 

5.1 

16 

2.802 

32 

0.761 

1500 

6,240 

200 

SO 

0.034 

11,430 

30 

0.045(C) 

15.2 

2.28 

17 

2.805 

31 

0.789 

1500 

8,750 

207 

90 

0.037 

16,220 

30 

0.046 

31.0 

1.55 

18 

2.802 

33 

0.753 

1500 

11,290 

160 

48 

0.049 

12.350 

30 

ND 

44.7 

2.55 

20 

2.805 

32 

0.780 

2000 

6,540 

155 

45 

0.014 

16.540 

30 

0.045(c) 

39.0 

1.85 

21 

2.802 

32 

0.766 

2000 

6,330 

155 

44 

0.012 

16. 060 

30 

0.044(c) 

36.6 

1.65 

22 

2.201 

33 

0.748 

2000 

6,420 

180 

40 

0.030 

16,840 

Off 

0.048(c) 

56.0 

2.57 

23 

2.805 

31 

0.789 

2000 

6,  080 

160 

40 

0.031 

15.720 

60 

0.045(c) 

46.4 

2.5 

24 

2.805 

31 

0.789 

1500 

5,070 

250 

No 

ND 

5,070 

30 

0.005 

9.9 

0.47()’) 

25 

2.805 

32 

0.780 

1500 

4,940 

195 

40 

0.025 

13. 080 

30 

0.071 

52.2 

3.6 

27 

2.801 

32 

0.766 

2000 

6. 140 

ISO 

43 

0. 032 

17.230 

30 

0.122 

62.3 

;  96 

(Aged) 

28 

2.802 

32 

0.766 

3000 

3.920 

75 

20 

0.029 

3.920 

60 

0.035 

94.1 

5.9 

29 

30 

Weld  n<4  completed  because  of  failure  of  clutch  to  disengage  to  initiate  cycle  terminaiioc 
2.802  32  0.761  3000  6.310  75  28  0.031 

13.270 

60 

0.063 

53.1 

2.42 

31 

2.805 

31 

0.789 

3000 

3,680 

105 

15 

0.028 

7,600 

60 

0.055 

97.7 

7.45 

32 

2.802 

33 

0.753 

3000 

9.300 

130 

43 

0. 023 

19, 120 

60 

0.050 

38. 6 

1.22 

(a)  lYagrammud  tamp  axial  pressure  buildup. 

(b)  Friction  sntlder  drive  pin  sheared,  causing  effective  cycle  termination. 

(c)  Total  upset  questionable  because  of  limits  of  readout  linearity. 
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SUMMARY  OF  FRICTION  WELDING  THERMAL  HISTORIES 


Friction  welding  specimen  thermal  histories  are  presented  here  as  a 
collection  of  graphs  showing  specimen  temperatures  as  a  function  of  time 
from  the  start  of  the  weld  cycles.  These  representations  were  obtained 
directly  from  the  respective  weld  cycle  oscillograph  records  of  thermo¬ 
couple  potentials. 

The  dashed  vertical  line  on  each  graph  represents  the  point  in  time 
at  which  the  weld  cycle  was  terminated  (relative  rotation  between  the  speci¬ 
men  components  was  halted).  In  most  cases  three  time -temperature  traces 
were  obtained  from  thermocouples  imbedded  in  the  nonrotating  specimen 
components  at  distances  of  1/16,  3/16,  and  7/16  inch  from  the  original  fay¬ 
ing  surfaces.  In  those  cases  where  only  one  time-temperature  trace 
appears,  a  single  thermocouple  imbedded  in  the  nonrotating  specimen  com¬ 
ponent  at  a  distance  of  1/16  inch  from  the  original  faying  surfaces  was  all 
that  could  be  accommodated  because  of  limitations  imposed  by  special 
chucking  fixtures.  The  erratic  behavior  of  some  of  the  highest  reading 
thermocouples  was,  in  some  cases  (Cycles  44,  47,  60,  65,  70,  72,  73,  85, 
105,  106,  and  109),  caused  by  failure  to  remain  in  intimate  contact  with  the 
specimen.  This  contact  was  in  some  instances  restored  by  mechanical 
action  of  the  weld  flash.  During  Cycle  82,  however,  the  thermocouple 
apparently  opened  at  its  bead  and  ^’'as  later  rejoined  by  the  curling  weld 
flash,  with  the  specimen  itself  acting  as  the  junction. 
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APPENDIX  E 


SUMMARIES  OF  MECHANICAL  PROPERTIES 


TABLE  E-1.  MECHANICAL  PROPERTIES  OPMARACINC  STEEL  SPECIMENS  FROM  PHASE  II  STUDIl'S 


Weld  Cycle 


0.2%  Offset 
Yield  Strength, 
10^  psi 


Properties  in  the  As-Welded  Condition 


Ultimste 
Tensile  Strength, 


10^  psi 


Fracture  Maximum 
Strain,  Bend  Angle, 
percent  degrees 


Properties  After  3-Hour, 

900  F  Maraging  Treatments _ 

'  U.  2%  Offset  Ultimate  Fracture 

Yield  Strength,  Tensile  Strength,  Strain, 
10^  psi 


10^ 


psi 


26 

35 

36 

37 

38 

39 
90 

41 

42 

43 


136.0 


133.0 

128.5 


45 

46 

47 

48 

49 

51 

52 
60 
61 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 
80 
81 
82 

53 

85 

86 

87 

88 


124.5 

131.5 
132.  1 

122.4 
132.0 
134.0 

130.8 
133.0 
134.3 

129.5 

134.8 

124.8 

130.5 

128.5 
126.0 

132.5 
131.0 
129.0 
127.0 
125.0 
126.0 

115.5 

116.5 
109.2 


123.2 

144.5 
120.0 
127.0 

127.3 

133.5 

112.4 
125.9 

120.5 

126.5 
155.  P 


153.5(»> 

111.5 
153.0 
149.5(*l 

91.8 

115.5 
150.0UI 
155.0 
152.0(»1 
145.2 
147.0 
152.6(»1 
147.3(»> 
151.0(*> 
156.0(»> 
147.0t»> 
155. 5(») 
150.0(»> 
147.0(»1 
146.0 
148.0 

148.5 
149.0 
148. 0<*' 
147.0<*> 
153.5(»> 
150.0(»I 
145.5(»> 
146. 5(») 
147.0(»l 

80.5 
144. 8(») 
158.0 
149. 2<») 
147.0<»l 
149.0 
154.0 
133.5<») 
147.5<»> 
145.0<«> 
146,8'»> 
166. 5<») 


6.96 

0.79 

5.  33 
6.35 
0.13 
0.76 

5.33 

6.  14 
7.41 
1.67 
1.0 
5.0 

2.33 
5.66 

8.34 

6.34 
7.44 
6.34 
5.39 
5.05 
6.06 
6.06 
6.06 
7.74 

6.73 
8.08 
8.08 

7.74 

7.74 

8.75 
0.5 
2.6 

1.5 
3.0 
3.4 
2.0 
8.0 
4.0 

3.6 
4.2 
4.2 
3.6 


Control  1 
Control  2 
Control  3 


112.3 
112.0 
N.  D. 


152.0 

152.5 

N.D. 


3.7 

11.45 

N.D. 


(a)  Fracture  occurred  outside  of  weld  area. 


percent 
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N.D. 

N.D. 

N.D. 
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195.0 
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180 

260.0 
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1.14 

180 

268.0 

274.  0(») 
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0.24 
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112.0 
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2.15 
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ISO 
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258  5 
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4.7 

180 
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0. 34 

180 
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180 
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5.39 

180 

269.0 

270. 0<*' 

4.04 
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206  .0 

1.01 

180 
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4.71 

135 
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265.0 

5. 05 

34 

250.0 

1.35 

56 

261.0 

266.  0 

5.39 

53 

267.0 

273.0 

1.35 

29 

231.0 

0.67 

5 

38.3 
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21 

245.0 

259.  0(») 

1.8 

11 

232.0 
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5.5 

180 

266.0<»> 

270.0 

1.1 
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266.0 

267.  of*) 

2.6 
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5.5 
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6.0 
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7.0 

180 

2f4.0 
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APPENDIX  F 


FRICTION  WELDING  MARAGING  STEEL  TO  ALUMINUM 


Even  though  this  program  has  demonstrated  that  extruded  tubes  of  7075 
aluminum  alloy  could  not  be  satisfactorily  friction  welded,  it  was  desired  to 
investigate  the  possibility  of  friction  welding  18Ni(250)  maraging  steel  tubes 
to  another,  more  weldable,  aluminum  alloy  of  interest  to  the  Missile  Com¬ 
mand.  The  2014  alloy,  '’’Hely  used  in  missile  systems,  was  found  to  be  un¬ 
available  in  any  form  from  commercial  warehouses.  It  was  therefore  decided 
that  this  cursory  investigation  of  the  feasibility  of  friction  welding  aluminum 
to  maraging  steel  should  be  conducted  using  the  6061  aluminum  alloy  which  is 
readily  obtainable  in  a  variety  of  shapes  and  sizes. 


Three  friction- welding  experiments  were  carried  out  between  maraging 
steel  and  aluminum  alloy  tubes  having  mean  diameters  of  2.  79  in.  ,  but  signi¬ 
ficantly  different  cross  sectional  areas.  Diameter- to- wall  thickness  ratios 
(D/T)  of  the  maraging  steel  components  were  approximately  30:1  while  those 
of  the  mating  aluminum- alloy  components  were  approximately  14.3:1.  The 
greater  wall  thickness  of  the  aluminum  alloy  components  was  designed  to 
reduce  the  probable  occurrence  of  simple  mechanical  heading  or  extrusion 
of  the  aluminum  component  by  the  much  harder  steel  component  during  the 
heating  portion  of  the  friction  welding  cycle. 


t  . 


The  first  friction- welding  experiment  was,  as  indicated  in  Table  F.  1, 
carried  out  at  a  relative  rotational  velocity  of  2000  rpm  (1470  sfm)  and  an 
axial  heating  pressure  of  3600  psi.  Rotation  was  stopped  and  a  forging  pres¬ 
sure  of  12,400  psi  applied  after  the  axial  displacement  had  reached  about 
0.220  in.  Although  this  specimen  appeared  to  be  welded,  the  components 
separated  during  sectioning  for  metallographic  inspection.  Two  explanations 
for  this  behavior  can  reasonably  be  considered.  First,  it  is  possible  that 
little  or  no  metallurgical  bonding  occurred  at  these  welding  conditions  and 
the  specimen  components  were  only  mechanically  held  together  by  the  resid¬ 
ual  stresses  created  by  differential  thermal  contraction  between  the  compo¬ 
nents  after  the  weld  cycle  was  completed.  Sectioning  of  the  specimen  for 
metallographic  inspection  would  then  have  provided  a  mechanism  for  reliev'- 
ing  these  stresses,  thus  allowing  the  components  to  separate.  Alternatively, 
a  significant  layer  of  Fe-Al  and/or  Ni-Al  intermetallic  compound  may  have 
formed  and  been  retained  at  the  weld  interface,  possibly  as  a  result  of  the 
relatively  low  heating  pressure  employed.  The  intermetallic  compound 
layer  would  lead  to  a  weak,  brittle  bond  that  is,  in  addition,  highly  stressed 
by  differential  thermal  contraction  subsequent  to  welding.  Sectioning  of  the 
specimen  would,  again,  provide  a  mechanism  for  relief  of  these  stresses 
which  might  be  sufficient  to  rupture  the  bond. 


rhe  remair.ini’  two  friction- welding  experiments  w^*  re  carrierVoul  at  a 
relative  rotational  velocity  of  270  rpm  (197  sfrn),  axial  heating  pressures  of 
approximately  4500  psi,  axial  forging  pressures  of  approximately  15,000  psi, 
and  total  axial  displacements  of  about  0.075  in.  These  welding  conditions 
we  I’e  determined  by  applying  the  appropriate  scale  factors  to  those  conditi('ns 
previously  found  to  produce  satisfactory  friction  welds  between  1/4- in. - 
diameter  rods  of  Type  304  stainless  steel  and  6061  aluminum.  The  axial 
lieating  pressure  was  applied  impulsively  during  one  of  these  experiments  and 
at  rate  of  7500  psi/sec  during  the  other.  Both  of  these  welds  appeared, 
supi' rficially ,  to  be  sound  as  shown  by  the  representative  mic  rostruciu  re 
of  Figure  F.  1.  Although  no  mechanical-property  dete rtninalions  wen*  at 
tempted,  both  welded  segments  remained  tightly  joined  after  removal  of  the 
me  la  1 1  ng  raphic  specimens  and  the  resultant  mechanical  stress  relief. 
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Fir.URE  F-1.  MICROSTRUCTURE  OF  FRICTION 
WEEDED  JOINT  BETWEEN  ALU¬ 
MINUM  ALLOY  AND  MARAGING 
STEEL  TUBES 


Welding  Conditions:  270  rpm;  4540  psi 
heating  pressure;  15,400  psi  forging 
pressure;  ~  0,075  in.  upset;  3.  15  sec. 

(,u  '.'L'iiiurs,  K.  ,  Smith,  Id  ''i..  Jr.,  .■md  Oripsliover.  P.  J.  ,  Tiiial  Report  m  l..iu'reiu\' Radi.iti.'i,  1  ,\!^oratory 
on  I’roject  SANI.  lOd/1?  and  lOC/'JS'' .  BMl-X-hOl  (July  ‘J4.  IPO-I).  (SRP.i, 
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As  anticipated,  essentially  all  of  the  axial  deformation  occurring  during 
these  three  welding  experiments  was  from  upsetting  of  the  aluminum  compo¬ 
nent  with  no  noticeable  changes  in  the  maraging  steel  components.  This  is 
evidenced  in  Figure  F-  1  by  the  scalloped  appearar.ce  of  the  weld  interface. 
The  scallops  resulted  from  the  cutting  tool  used  to  face  off  the  maraging  steel 
component  faying  surfaces  during  specimen  fabrication. 

It  is  interesting  to  note  (see  Table  F-1)  that  high  rotational  speed 
(2000  rpm)  yielded  a  much  larger  axial  displacement  than  that  achieved  by  a 
slower  rotation  at  270  rpm.  Further,  the  increased  axial  displacement 
achieved  at  2000  rpm  occurred  under  lower  heating  pressure  and  in  a  shorter 
time  than  those  experienced  at  270  rpm.  This,  again,  is  in  direct  contrast 
to  the  results  of  other  investigators^")  who  indicate  that  the  time  to  reach  a 
given  axial  displacement  decreases  with  decreasing  peripheral  velocity. 

Based  on  this  most  superficial  study,  it  can  be  concluded  that  maraging 
steel  can  be  successfully  friction  welded  to  some  aluminum  alloys  in  tubular 
form  under  the  proper  conditions  of  speed,  pressure,  and  displacement.  It 
must  be  noted,  however,  that  the  conditions  studied  here  may  not  be  those 
needed  to  produce  optimum  quality  welds  between  these  two  materials  and  it 
is  recommended  that  further,  more  detailed  investigations  be  conducted  be¬ 
fore  considering  production  friction  welding  of  maraging  steel  to  aluminum 
components.  The  results  of  this  study  also  suggest  that  the  quality  of  alumi¬ 
num  to  maraging  steel  tubular  friction  weld  joints  might  be  enhanced  or  the 
range  of  conditions  producing  acceptable  joints  might  be  increased  by  using 
a  tapered  rather  than  a  flat-butt  joint  design  to  take  advantage  of  the  thermal 
contraction- induced  stresses  created  during  post- weld  cooling. 


(b)  Vill.  V.  I..  Friction  Welding  of  Metals.  American  Welding  Society  (1962),  Page  27. 
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